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ABSTRACT 
Future manned spacecraft, such as manned orb i ta l   l abora tor ies   o r   in te r -  
planetary spacecraft, vi11 use momentum s torage   sys tem  to  minimize weight and 
power expenditures f o r  their  long termed missions. Primary applications of 
such systems w i l l  be in  spacecraf t  s tabi l izat ion systems, vhere control moment 
gyros or   react ion wheels provide rate and a t t i tude   cont ro l  by precessing o r  
accelerating rotating flywheels. Secondary applications of the momentum 
storage concepts involve power conditioning equipment and other  rotat ing 
machinery on the  spacecraft. 
In  view of the  required development of momentum storage hardware for   these 
applications, t he  Langley Research Center of NASA has sponsored an optimization 
and preliminary design study of rotating assemblies and their  associated com- 
ponents f o r  minimum weight and power in the spacecraft  environment. The most 
immediate use  for   these  rotat ing components has been i n   t h e  development of 
control moment gyroscopes f o r  the spacecraft control systems, and control 
moment gyros thus provided the basis on tlhich this optimization study was 
performed. 
This report includes the technical approach, the solution techniques, and 
the  resu l t s  of th i s  optimization study. The data presented comprise the pre; 
liminary design of flywheels spinning t o  produce a \&de range of angular 
momenta while maintaining minimum weight, s ize ,  bearing friction, and windage 
loss .  Other areas that were considered include the maximizing of bearing l i f e  
under extreme loading conditions, proper lubrication schemes for  bear ings in  a 
vacuum environment, and flywheel drive motor design f o r  spinup and constant 
speed operation. The data given for these design areas should be of consider- 
able value in the future analysis of any rotat ing assembly where weight and 
power a re   c r i t i ca l .  
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SECTION 1 
INTRODUCTION 
Space  vehicles, as a rule,  need attitude and stability  control in order to 
fulfill mission  requirements.  The  control  moment  for  this  purpose  can  be  ob- 
tained  either  internally  (reacting  against  an  onboard  component)  or  externally 
(jet  thrustors,  gravity  gradient).  The  relative  merits  of  these  schemes  depend 
upon  such  factors  as  duration  of  the  mission,  precision a d extent  of  control 
required, and frequency and nature of the  anticipated  disturbances.  For a 
given  mission,  the  engineering  decision  to  use one control  method or  another 
must  rely  on  the  results of a study in which the  best  available  designs  from 
both  concepts  can  be  compared.  Lack  of  information  on  what  constitutes  an 
optimum  design in either  concept  thus  will  not  allow  such a comparative  study 
to  be  made. The present  study was initiated  to provide the  answer  to one 
aspect  of  this problem-a parametric  study  to  establish  the minimum weight  and 
power  requirements  for  control  moment  gyros in the angular momentum  range  from 
200 to 2000 ft-lb-sec. 
A control  moment  gyro (CMG) uses a wheel  which  rotates  at  constant  speed 
and obtains the  control  moment  by  changing  the  direction  of  its  spin  axis. 
(This  should  be  differentiated  from  the  mechanism of an inertia  wheel, in which 
the  moment is obtained by acceleration or deceleration of  the  wheel  about  its 
axis of rotation,  although  both  are  internal  control  devices.) Figure 1 - 1  
illustrates  one  manner  of  application  of  the CMG. The wheel is mounted in 
two gimbal frames; a drive  motor  along  the  z-axis  maintains  the  wheel  at  cons- 
tant speed and is also used  for initial start-up o f  the  spin  after  launch. 
Two  torquers  along  the x and y axes apply torques  to  the  outer and inner 
gimbals,  respectively, and transmit  the  reactive  gyroscopic  moment  to  the 
vehicle; the  moment is produced  by angular  displacement o f  the  spin  axis 
through gimbal rotations.  This  arrangement  allows  the  variable  moment  magni- 
rudes  to  be  independently  specified  without  actively  controlling  the  motlon 
of the  spin  axis,  as  long  as  the  saturation gimbal angle is  not exceeded by 
the  torquer demand (60 degrees  has  been  assigned  to  avoid  gimbal  lock-up). 
Note that gimbal  rotation and applied  torque  may  be in opposite  directions, 
since the  rotation of ,  say, the  x-gimbal  depends  on  the  direction o f  the 
moment  about  the  y-axis, and vice  versa. 
The translation  of  this  schematic  system  into  optimized  and  producible 
hardware  requires both a knowledge o f  component  capabilities and system  inte- 
gration  techniques.  Briefly  stated, a flywheel  must  be  designed  to  operate  at 
a safe speed  and  which  possesses  the  specified  amount  of  angular  momentum. 
It must  also  be able to  transmit  gyroscopic  moment  through  the  shaft  to  the 
bearing  supports. A drive  motor  capable  of  accelerating  the  flywheel to 
speed  and  maintaining that speed  must  be  designed  to  be  mounted  on  the same 
shaft. The  bearings and a lubricating  system  are  next  designed  for  the 
specified  speed,  loading, and life  requirements,  paying  special  attention  to 
achieving low power  consumption.  The  inner  gimbal  structure in this case is a 
hermetically  sealed  housing  which  must  be  able  to  withstand  external  pressure 
without  collapsing,as  the  housing  must be evacuated  to a low pressure in order 
to  reduce windage loss  of  the gyro. The  torquers  must  each be capable of 
1-1 
Figure 1 - 1 .  Schematic - Control Moment Gyro 
d e l  i v e r i n g  up t o  50 f t - l b  o f  t o r q u e  w i t h  minimum weight  and power demand. 
Al st ruc tura l   e lements   must   have  the   necessa- ry   s t rength   and  r ig id i ty ,  so 
t h a t  r e l i a b l e  and t roub le - f ree  pe r fo rmance  o f  t he  CMG can be obta ined.  Last ,  
m o n i t o r i n g  d e v i c e s  m u s t  b e  i n s t a l l e d  t o  d e t e c t  and forewarn the occurrence 
of  mechanical o r  e l e c t r i c a l  m a l f u n c t i o n s .  
The o b j e c t i v e  o f  t h i s  p a r a m e t r i c  s t u d y  h a s  been t o  e s t a b l i s h  t h e  o p t i m u m  
d e s i g n  f o r  momentum whee l  assembl ies  based on  the  fo l low ing  c r f te r ia :  
1 .  
2. 
3. 
4 .  
5. 
6. 
7. 
8. 
9 .  
IO. 
The assembly should have minimum weight and require a m i n i m u m  amount 
of power t o   o p e r a t e .  The need to   min imize  pay  load  for   any  space 
m i s s i o n  i s  bas ic .  
The d e s i g n  m u s t  i n c o r p o r a t e  t h e  h i g h e s t  d e g r e e  o f  r e l i a b i l i t y .  
S ince C M G ' s  per fo rm a v i t a l  f u n c t i o n  i n  space  missions,  and  repalrs 
o r  rep lacement  in  space are  cos t ly  and t ime consuming, the  most 
r e l i a b l e  d e s i g n  i s  mandatory. 
Whi le   scheduled  serv ices  cannot   be  complete ly   e l iminated,  a l i f e  o f  
a t  l e a s t  one  year o f  c o n t i n u o u s  o p e r a t i o n  w i t h o u t  s e r v i c e  i s  a 
reasonable  requ i rement . 
Scheduled  maintenance  work  should  be  designed so t h a t  i t  can be 
e a s i l y  c a r r i e d  o u t  and  does n o t  r e q u i r e  s p e c i a l  t r a i n i n g .  
The des ign  shou ld  p rov ide  fo r  a s p e c i f i e d  p e a k  c o n t r o l  moment. 
Th i s  des ign  was based  on  50 f t - l b  o f  c o n t r o l  t o r q u e  b e i n g  a p p l i e d  
f r e q u e n t l y   f o r   s h o r t   t i m e   d u r a t i o n .   O p t i m i z a t i o n   o f   t h e   d e s i g n  
conf igura t ion   shou ld   be   based  on   the   average  expec ted  moment. ( I n  
t h i s   d e s i g n ,  18.5 f t - l b  was used). 
The d r i v e  m o t o r  s h o u l d  be  designed  for  constant  synchronous  speed. 
T h i s  r e q u i r e m e n t  i s  c o n s i s t e n t  w i t h  t h e  b a s i c  o p e r a t i n g  p r i n c i p l e  
o f  a CMG where,  except  for i n i t i a l  s t a r t - u p ,  t h e  wheel   mainta ins a 
constant  speed o f  r o t a t  i o n .  
The moment o f  i n e r t i a  o f  t he  ro ta t i ng  assemb ly  must  be h e l d  t o  
c lose   to le rance.   Th is   requ i rement ,   together   w i th   the   synchronous 
speed d r i v e ,  a l l o w s  p a i r s  o f  c o u n t e r - r o t a t i n g  C M G ' s  t o  e x e c u t e  
c o n t r o l s  w i t h  g r e a t  p r e c i s i o n  a n d  w i t h o u t  p r o d u c i n g  c r o s s - c o u p l i n g  
The l u b r i c a t i o n  s y s t e m  m u s t  b e  a b l e  t o  o p e r a t e  s a t i s f a c t o r i l y  i n  a 
s o f t  vacuum under   zero  "g"   condi t ion.  The requ i remen t   t o   m in im ize  
windage loss d i c t a t e s  t h a t  t h e  h o u s i n g  b e  e v a c u a t e d  t o  a low pres-  
sure. 
The motor must be able t o  a c c e l e r a t e  t h e  f l y w h e e l  f r o m  z e r o  t o  f u l  
speed i n  t h e  s p e c i f i e d  t ime.   Th is   des ign  was based  on 2 h m r s .  
1 
The d e s i g n  s h o u l d  n o t  r e q u i r e  h e a t  d i s s i p a t i o n  b y  l i q u i d  c o o l i n g .  
The  added  weight  and c i r c u i t  c o m p l i c a t i o n s  o f  a l i q u i d  system  must 
be avoided. 
The scope of  t h i s  r e p o r t  c o v e r s  t h e  f o l l o w i n g  study areas:  
1 .  
2 .  
3. 
4 .  
5. 
6. 
Rotor  
C o n f i g u r a t i o n  
M a t e r i a l  
Speed 
Hous i ng 
Shape 
Mate r ia  1 
Bear i ngs 
Type 
S ize  
Lubr  i ca t   i on  
Temperature r i se 
L i f e  
Motor,  wheel d r i v e  
A c c e l e r a t i o n  
Cont inuous  operat  ion  
Synchronous  peed 
Power requ i rements 
Acce le ra t i on   l osses  
Bear i ng 
W i ndage 
Motor 
To rque r s 
Cont r o  1 to rque 
Motor 
Powe r 
1-4 
7. Ma i rltenance 
Bear i ng 
Motor 
8. Re1 i a b i  1 i t y  
Two approaches t o  t h e  o p t i m i z a t i o n  o f  Momentum Wheel Assembly Design 
were made.  One  was based  on   se lec t ing  a f lywheel  o f  minimum weight  which 
s a t i s f i e s  t h e  a n g u l a r  momentum requi rement   and  is   run  a t   the  h ighest   admis-  
s i b l e  speed e s t a b l i s h e d  b y  t h e  maximum s a f e  s t r e s s  limit o f  t h e  m a t e r i a l  
c o n s i s t e n t   w i t h   i n f i n i t e   f a t i g u e   l i f e .   T h i s   a p p r o a c h   i s   r e f e r r e d   t o   a s   t h e  
S t r e s s  L i m i t e d  Desi=. -._I"- 
The o t h e r  a p p r o a c h  s t a r t s  w i t h  t h e  minimum weight  des ign and increases 
the  weight  o f  the   whee l   by   add ing   mater ia l   to   the   ou ter  r i m  wh i l e   reduc ing  
speed s u f f i c i e n t l y   t o   m a i n t a i n   t h e  same angular  momentum. The reduced  power 
loss  due t o  reduced  speed i s  conver ted   to   an   equ iva len t   sav ing   in   we igh t ,   and 
a search i s  conducted  to  determine a c o n f i g u r a t i o n  o f  minimum t o t a l   e q u i v a -  
len t   we igh t .   Th is   method i s  r e f e r r e d   t o  a s  t he  Mi-Eimum Equiva lent   Weight  
- Des?, 
An ex tens ive  s tudy  o f  m a t e r i a l  s u i t a b l e  f o r  t h e  momentum wheel was  made 
and  the  fo l lowing  were  chosen, 
4340 s tee l ,  vacuum mel ted 
Maraging  s tee l  
Ti tanium 
F I b e r  g lass  
The Des iqn   In fo rmat ion   p resented  i n  t h i s  r e p o r t  i n  g r a p h i c  a n d  t a b u l a t e d  
form  has  been made f rom an  ex tens i ve  s tudy  o f  momentum wheel assembl ies wi th 
2 2  d i f f e r e n t  a n g u l a r  momenta capac i t y  ove r  the  range  f rom 200 t o  2000 f t - l b -  
5ec ., 
SECTION 2 
SUMMARY 
T h i s  s e c t i o n  p r e s e n t s  t h e  i m p o r t a n t  r e s u l t s  o f  the  s tudy  i n  summary form. 
It serves the purpose of m a k i n g  a v a i l a b l e  t h e  e s s e n t i a l  d e s i g n  d a t a  f o r  q u i c k  
reference,  and i s  n o t  i n t e n d e d  t o  be a summary of t h e  e n t i r e  s t u d y  e f f o r t .  
The o p t i m i z a t i o n  of  d e s i g n  c o n f i g u r a t i o n  was  made wi th  t h e  h e l p  o f  s e v e r a l  
d i g i t a l  computer programs; the range of angu lar  momentum covered was from 
200 to  2000 f t - lb -sec .  Each momentum wheel  assembly  (Figure 2 - 1 )  c o n s i s t s  of  
a f l y w h e e l ,  e l e c t r i c  motor, and  rep laceab le  bea r ing  ca r t r i dge ,  a l l  &c losed  
i n  a hermet ica l l y  sea led  hous ing  capab le  of being gimbal-mounted to  f u n c t i o n  
as a c o n t r o l  moment gyro.  
The momentum wheel  sizes,  weights, and  speeds for  se iec ted  angu la r  
momenta a r e   g i v e n   i n   T a b l e  2-1. These  computer  determined  values  are  the 
mathematical  optimum, b u t  f o r  p r a c t i c a l  des.ign  the  parameters may be v a r i e d  
w i th in  r e a s o n a b l e  l i m i t s  wi th  l i t t l e  e f f e c t  on th.e equivalent weight.  
TABLE 2-1 
Angu 1 a r  
D i ame t e r  Momen turn 
F 1 ywhee 1 
( f t - l b - s e c )   ( i n . )  
200 
500 
IO00 
I500 
2000 
18.8 
2 2 . 4  
2 5 . 8  
2 7 . 8  
2 9 . 4  
COMPUTER DETERMINED VALUES 
Weight, l b  
F l y -  
Assembly Housing wheel 
Comp 1 e t e  
15. I 
9 0 . 2  3 3 .  I 51 .6 
7 8 . 4  29 .7   43 .3  
6 4 . 7  2 5 . 8  33 .9  
48 .O 19.7 2 3 . 4  
3 3 . 9  14.2 
Whee 1 
Speed 
r Pm 
9,368 
I I ,  I53 
12,279 
12,803 
13,144 
. 
Per i phera 1 
V e l o c i t y  
f t / sec  
The momentum wheel,  mounted  as a c o n t r o l  moment gyro, i s  shown i n  
Sec t ion  4 i n  F i g u r e  4 - 1 .  The genera l  whee l  con f igura t ion  w i  th tapered shaf t  
i s  shown i n  F i g u r e  2-2 .  It i s  seen to  be a combinat ion o f  a tape red   d i sc  and 
a r i m  which a r e  th in  i n  comparison to  t h e   r a d i u s .  The d i s c   t h i c k n e s s   i s   a b o u t  
I .3  percent  of t h e  r a d i u s  w h i l e  t h e  r i m  ranges from I O  percent  to  5 percent  
o f  t h e  r a d i u s  f r o m  sma l les t  t o  ' l a rges t  whee ls .  
Since a l l  wheels o f  d i f f e r e n t  a n g u l a r  momentum c a p a c i t i e s  were  designed to 
r e a c t  to  a maximum of  50 f t - l b  o f  to rque on t h e  v e h i c l e  w h i l e  i n  o r b i t ,  t h e  
bear ing  load  requ  i rements  were  the same. For  t h i s  reason  the same bear ings  and 
loca t ion   were   used for  a l l  wheels.  For  the  slower  speed  wheels, a smal le r  
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Figure 2-1. Momentum Wheel Assembly (Gimbal-Mounted). 
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Figure 2-2. Momentum  Wheel  Assembly  Configuration,  Minimum 
Equivalent  Weight  Design,  for  Wheels w.ith Angular 
Momentum ( H )  = 200 to 2000 ft-lb-sec,  Gyroscopic 
Moment (M) = 50 ft-lb 
b e a r i n g  c o u l d  b e  u s e d  b u t  w i t h  n o  p r a c t i c a l  b e n e f i t  i n  power loss. For  ground 
t e s t i n g , s l i g h t l y  h i g h e r  b e a r i n g  l o a d s  will be .exper ienced ,  than  fo r  o rb i t  
cond i t i ons ,  due t o  the  f lywheel  weight;  however, the  bear ing  se lected  has 
s u f f i c i e n t  c a p a c i t y  t o  accommodate t h i s   a d d i t i o n a l   l o a d ,  
The study  used  an  angular momentum (H)  o f  1000 f t - l b - s e c  for s p e c i f i c  
d e t a i l  assemb ly   des ign .   I n fo rma t ion   f o r   t h i s   capac i t y  wheel i s  summarized i n  
Table 2-2, below. 
TABLE 2-2 
RECOMMENDED MOMENTUM  WHEEL  ASSEMBLY 
FOR H = 1000 FT-LB-SEC 
TORQUE CAPACITY = 50 FT-LB 
Wheel c o n f i g u r a t i o n :  Shaped d i s c  and rim 
M a t e r i a l s :  
F 1 ywhee 1 
Hous i ng 
S ize :  
Wheel d iameter  
R i m  th ickness  
D isc   th ickness  
A t  hub ( cen te r  1 i n e )  
A t  a r a d i u s  o f  5.568 i n  
Speed : 
Weight: 
F 1 ywhee 1 
Housing 
Motor 
Shaf t  and bear ings  
Gimbal r i n g  and bear ings  
Torquers ( 2 )  and mounting 
( reduc t  ion  gear  type)  
Yoke 
To t a  1 
4340 Stee 1 ,  (vacuum me1 ted) 
Aluminum 
26.2 i n .  
0 .76  i n .  
0.322 i n .  
0.161 i n .  
12,000 rpm (Chosen because o f  compat i b i 1 i t y  
w i t h  400 cps  power  supply) 
33.6 I b  
26.5 I b  
2.9 l b  
2.1 I b  
6 . 3  I b  
16.4 I b  
8 .0  Ib  
95 .8  I b  
-
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TABLE 2-2 (Con t i nued 
F lywhee l  d r ive  motor :  
Type : 
Power I n p u t :  
A c c e l e r a t i o n  
F u l  1 speed 
Vo 1 tage 
Cur ren t  
Motor  output  
Torque  capaci ty 
Permanent  magnet,  synchronous  a-c 
4-PO 1 e ,  3-phase 
309.3 w a t t s  
18.0 watts 
220 VAC 400 cps 
I .4 amps 
.335  hp 
0.14 f t - l b  
Bear ings : 
Bal 1 bear ings  ( 2 )  
15mm angu la r  con tac t  (102 H )  
"50 too l  s tee l  races  and b a l  Is 
S e l f - l u b r i c a t i o n  b a l  1 separa tors  
Loca t ion  : 12 i n .   on   cen ter  
Rated  load  capaci ty  Rad i a  1 
Maximum a t  12,000 rpm 130 Ibs 
Maximum a t  IO0 rpm 650 Ibs 
L u b r i c a t i o n :  
Andok - C grease (channel1 ing)  wi th  Teresso V-78 o i l  f o r  e v a p o r a t i o n  
makeup 
Vapor p r e s s u r e   a t  16OoF I O - &  mm Hg 
Pressure   ins ide   thhous ing  rnm Hg 
Gas  He1 iurn 
ROTOR CONFIGURATION  SELECTION 
The a n a l y s i s  l e a d i n g  t o  c o n f i g u r a t i o n  s e l e c t i o n  c o n t a i n e d  two d i s t i n c t  
phases. The f i r s t  c o n c e r n e d   i t s e l f   w i t h   d e t e r m i n i n g   t h e   m o s t   f a v o r a b l e  
t h i c k n e s s  d i s t r i b u t i o n  as a f u n c t i o n  of wheel r a d i u s  i n  o r d e r  t o  m a x i m i z e  
the  angular   momentum-to-weight   ra t io .  The second  phase made use   o f   t he  
o p t i m u m  t h i c k n e s s  d i s t r i b u t i o n  so ob ta ined  and fu r the r  op t im ized  the  des ign  
by   se lec t i ng   t he   mos t   f avo rab le   s lenderness   ra t i o   ( t h i ckness   t o   rad ius )   i n  
o rder  to  min imize  the  sys tem we igh t  and power  consumption. 
MATERIAL  SELECTION 
F o u r  m a t e r i a l s  w i t h  p r o p e r t i e s  t h a t  gave  promise o f  a f f o r d i n g  t h e  l e a s t  
we igh t  momentum wheel  assemblies  were  used in   the  computer   program. The s tudy 
r e s u l t s  showed the  three  metals--4340  steel ,   maraging  steel ,   and t i  taniurn--to 
be  about  equal   in  the  total   weight  of   the  assembly  and  power  loss  wi th an 
equ iva len t   we igh t   o f  I pound p e r   w a t t .   F i b e r g l a s s ,   t h e   f o u r t h   m a t e r i a l ,  
a f f o r d e d  a weight   reduct ion  in   the  complete  assembly,   but   requi red  excess ive 
power t o  overcome windage and bear ing drag which caused the total  equivalent 
w e i g h t   t o  be h igh   in   compar ison   to   meta l   whee ls .  Because o f   l ower   cos ts  and 
s u p e r i o r  d u c t i l i t y  c h a r a c t e r i s t i c s  of 4340 s t e e l ,  i t  was se lec ted  as the  
recommended m a t e r i a l  f o r  t h e  momentum wheels. 
The hous ing   mater ia ls   cons idered  were   s tee l ,  aluminum,  and  magnesium. 
Aluminum was s e l e c t e d  f o r  t h e  s u p e r i o r  r i g i d i t y  i t  a f f o r d e d  t o  e x t e r n a l  
load, i t s  ease i n  forming,  and i t s  e x c e l l e n t  h e a t  c o n d u c t i n g  p r o p e r t i e s .  
BEARING SELECTION 
Bal 1 bear ings  were s e l e c t e d  o v e r  j o u r n a l  b e a r i n g s  due to  the  advantage 
o f   l e s s  power l o s s .  Journa l   bea r ings   a re  a good  second  choice  s ince  the i r  
l i f e  can  be made t o  b e  much g r e a t e r  t h a n  b a l l  b e a r i n g s .  
RECOMMENDATIONS 
The f o l l o w i n g  a c t i o n  i t e m s  a re  recornmended p r i o r  t o  c o m m i t t i n g  CMG's t o  
ac tua l  space miss ions, 
I .  A bea r ing  t e s t  program t o  p r o v e   t h e   r e l i a b i l i t y   f o r   a t   l e a s t  one  year 
o f  con t inuous   opera t ion   a t   low  power  loss ,  
2 .  A g imba l   to rquer   s tudy   to   es tab l i sh   the   op t imum  des ign   in   regard   to  
s ize,   weight,  power,  and r e l i a b i l i t y .  
3 .  F a b r i c a t i o n  and  ground  test ing of an optimum CMG t o   p r o v e   o u t  
des ign  per fo rmance ob jec t ives .  
The p r e p a r a t i o n  and execut ion  of   these  programs  should  be as n e a r l y  
simultaneous as i t  i s  f e a s i b l e .  
2 -6 
SECTION 3 
ANALY S IS 
ORGANIZATION 
The  components which make up a c o n t r o l  moment gy ro  need t o  be analyzed 
i n  two  perspec t ives .   F i rs t ,   they   must  be   ana lyzed   as   i nd i v idua l   p ieces   o f  
hardware which are ca l led upon to  per form speci f ic  funct ions wi th  adequacy 
and  re1 i a b i l  i t y ;  second, t h e  i n t e r p l a y  o f  component c h a r a c t e r i s t i c s  w h i c h  
def ine  an  opt imum  design  must be understood  through some f o r m  o f  " s i m u l t a n -  
eous ' '   i nves t i ga t i ons .  The p r e s e n t a t i o n   o f   a n a l y s i s   i n   t h i s   s e c t i o n   r e f l e c t s  
t h i s   t h i n k i n g :   t h e   b a c k g r o u n d   k n o w l e d g e   f o r   t h e   i n d i v i d u a l   i m p o r t a n t  com- 
p o n e n t s   i s   f i r s t   p r e s e n t e d   u n d e r   s e p a r a t e   h e a d i n g s ;   t h e   s e l e c t i o n   o f  an o p t i -  
mum des ign  i s  then  implemented  through  the  use o f  a d i g i t a l  computer  program 
which  has, i n   t h e  meantime,  reduced  the  component c h a r a c t e r i s t i c s   t o   c a l c u l -  
able  numbers. A d i r e c t  consequence o f  t h i s  app roach   t o   t he   p rob lem  i s   t ha t  
n o t  a l l  a n a l y s e s  p e r t a i n i n g  t o  a p a r t i c u l a r  component will n e c e s s a r i l y  be 
f o u n d   i n  a s ing le   g roup ing ;   t he re  i s  t he   genera l   i zed   i n fo rma t ion ,   app rop r ia te  
f o r  b a s i c  components,  and t h e r e  a r e  s p e c i f i c  e q u a t i o n s  f o r  t h e  t r a d e - 3 f f  
s t u d i e s   a p p l i c a b l e   o n l y   t o   t h i s   p r o g r a m .  T h i s  p a r L i t i o v i n g   o f  anal;,sic, i s  
aimed a t  r e t a i n i n g  a reasonab le   p resence  o f   con t inu i ty   in   the   deve lopment   o f  
the   essent ia l   fo rmulas   con ta ined  in   the   computer   p rogram.  A s i n g l e   r e a d i n g  
o f   the   subsec t ion   "computer   p rogram"   shou ld   su f f i ce   to   de f ine   the   ma in   s t ruc-  
t u r e   o f   t h e   s t u d y .  The r e m a i n i n g   t r e a t m e n t s   r e p r e s e n t   e i t h e r   f u r t h e r   a m p l i -  
f i c a t i o n s  o f  t h e  a n a l y s i s  o r  v e r i f i c a t i o n  o f  t h e  f e a s i b i l i t y  o f  t h e  s e l e c t e d  
des ign .  
ROTOR STRESS A N A L Y S I S  
R i m  Wheel ~ v s  F l a t   D i s c  
The b a s i c  f u n c t i o n  o f  t h e  r o t o r  i s  t o  p rov ide  an  angu la r  momentum v e c t o r  
o f   c o n s t a n t   m a g n i t u d e   i n   t h e   d i r e c t i o n  o f  t h e   s p i n   a x i s .  A s  t h i s   s p i n   a x i s  
changes  d i rec t ion ,  a c o n t r o l  moment i s  produced  which i s  p r o p o r t i o n a l   t o   t h e  
r a t e  o f  change o f  t h e  a x i s .  For a g i ven   angu la r  momentum, H, t h e r e f o r e ,  a 
r o t o r  must   be  se lected  which  is   not   s t ressed  above  i ts   a l lowable  s t ress  a t  
the  most  h igh ly  s t ressed po in t ,  and wh ich  we ighs  the  leas t  wh i le  p rov id ing  
the  same angu lar  momentum. I n   a d d i t i o n ,   t h e   r o t o r   c o n f i g u r a t i o n  must  be 
c a p a b l e  o f  t r a n s m i t t i n g  t h e  g y r o s c o p i c  moment t o  t h e  s u p p o r t s  t h r o u g h  t h e  
r o t o r   s h a f t .   B e f o r e   t h e   r o t o r   d e s i g n  can  be  committed t o  a d i g i t a l  computer 
program,  however, some p r e l i m i n a r y  a n a l y s i s  o f  b a s i c  s i m p l e  shapes  can  be 
made t o  g i v e  i n d i c a t i o n s  o f  d e s i r a b l e   f e a t u r e s   i n   r o t o r   g e o m e t r y .  
The two bas ic  shapes s e l e c t e d  h e r e  a r e  , t h e  t h i n  h o o p  a n d  t h e  f l a t  d i s c .  
I n  b o t h  cases, i t  i s  r e q u i r e d  to s p i n  t h e  d i s c  t o  a speed  determined  by  the 
a l l owab le   s t ress   such   t ha t  a t o t a l  a n g u l a r  momentum 
H = Iu, 
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i s  o b t a i n e d .  
and the  mater  
to-we i g h t   r a t  
The moment o f  i n e r t i a  o f  t h e  r o t o r  i s  a f u n c t i o n  o f  i t s  g e o m e t r y  
ia l  dens i ty ,  and the  angu lar  speed i s  de te rm ined  by  the  s t reng th -  
io  o f  t h e   m a t e r i a l .   F o r   t h e   t h i n - r i m   w h e e l  
w 2  I = -  r 
9 
where W = w e i g h t   o f   r o t o r ,   l b  
r = r i m  rad ius ,   in .  
I = moment o f  i n e r t i a ,   l b - s e c 2 - i n .  
y = s p e c i f i c  w e i g h t ,  I b / i n . 3  
g = g rav i t y   cons tan t ,   i n . / sec2  
0 = c e n t r i f u g a l  s t r e s s ,  l b / i n . 2  
u) = angu lar  speed, rad/sec 
F o r  t h e  f l a t  d i s c  
where u =  maximum c e n t r i f u g a l  s t r e s s  a t  t h e  c e n t e r  o f  t h e  d i s c ,  1 b / i n o 2  
v = P o i s s o n ’ s  r a t i o  
T h e s e  e q u a t i o n s  a l l o w  t h e  w e i g h t  o f  t h e  r o t o r  t o  b e  d e t e r m i n e d  i n  t e r m s  o f  
H, r, u, y, and g ( f o r  v = 0.33) 
I- 
‘D i sc = 1.29 Td y/g 
The fo rm o f  t hese  equa t ions  shows t h a t  t h e  w e i g h t  i s  m i n i m i z e d  b y  s e l e c t i n g  
a m a t e r i a l  w i t h  a h i g h  s t r e n g t h - t o - w e i g h t  r a t i o  and by u s i n g  t h e  l a r g e s t  f e a s i -  
b l e   r a d i u s  r. On t h e   o t h e r  hand, t h e   f o r m u l a s   o n l y   t a k e   i n t o   a c c o u n t   c e n t r i -  
fuga l   oad ing ,  so t h a t   t w o   a d d i t i o n a l   f a c t o r s  need  be   cons idered  fo r   the  
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a c t u a l   r o t o r .   F i r s t ,   a s   t h e   r o t o r   r a d i u s   i s   a l l o w e d   t o  become large, i t s  
ax ia l   th ickness   decreases   w i thout  limit, so t ha t   even tua l l y   t he   t ransve rse  
s t i f f n e s s  i n  b e n d i n g  becomes t h e  c o n t r o l l i n g  f a c t o r ;  second, the r i m  wheel 
design  has made no a l lowance fo r  moment t r a n s m i t t a l  t o  t h e  s h a f t ,  so  t h a t  t h e  
t h e o r e t i c  a d v a n t a g e  o f  29 percent  sav ings in  weight  cannot  be f u l l y  r e a l i z e d .  
A t rue opt imum shape t h u s  s h o u l d  c o n t a i n  p a r t s  o f  a r i m  wheel  and a disc,  and 
t h e  r e l i z a b l e  H/W r a t i o  s h o u l d  f a l l  between 100 percent  and 129 p e r c e n t  o f  
t h a t  f o r  a f l a t  d i s c .  
R o t o r  o f  Optimum C o n f i q u r a t i o n  
A t  t h i s  p o i n t ,  a n  a n a l y s i s  was  made to  de te rm ine  the  ro to r  shape which 
can y i e l d  a  maximum angu lar  momentum-to-weight r a t i o  f o r  a g i v e n  o u t s i d e  
rad ius .   For   h igh   angu lar  momentum, a r o t o r  w i t h  a l a r g e  r i m  i s   d e s i r a b l e .  
F o r  t h e  b e s t  r o t a t i n g  s t r e s s  p r o f i l e ,  a t a p e r e d  d i s c  w i t h  t h e  t h i c k n e s s  i n -  
c reas ing   f rom  the  r i m  t o  hub is   the   most   des i rab le .  These g e n e r a l i z a t i o n s  
ind ica te  tha t  the  op t imum shape shou ld  cons is t  o f  a t a p e r e d  d i s c  w i t h  a r i m .  
S ince  gyroscopic  moments will be reacted  by  the  shaf t   a t   the  wheel  hub, r o t a t -  
i n g  s t r e s s e s  i n  t h e  wheel  should be s l i g h t l y  l o w e r  i n  t h e  h u b  r e g i o n  t o  a l l o w  
f o r  t h e  a d d i t i o n  o f  b e n d i n g  s t r e s s e s .  
Using  an I B M  7074 computer  program t o  c a l c u l a t e  r o t a t i n g  s t r e s s e s  a n d  
i n e r t i a l  p r o p e r t i e s ,  a paramet r ic  s tudy  was in i t i a ted  to  de te rm ine  the  op t imum 
r o t o r   c o n f i g u r a t i o n .   I n   o t h e r  words, f o r  a g i v e n   r a d i u s ,   t h e   r a d i a l   d i s t r i -  
b u t i o n  o f  a x i a l  t h i c k n e s s  was de termined fo r  the  h ighes t  angu lar  momentum- 
to -we lgh t   ra t lo .   Thermal   s t resses  will be of low  order  of magnltude  and  can 
be  neg lec ted  s ince  the  maximum thermal gradient has been est l rnated to  be less 
than 4OoF from hub to  r i m .  
F igures  3-1 and 3-2 show t h e  d i s c  p r o f i l e s  t h a t  r e s u l t e d  f r o m  t h i s  a n a l y -  
s i s ;   t h e   r o t a t i n g   s t r e s s e s   a r e   a l s o  shown. I t  i s   n o t e d   t h a t   t h e   s t r e s s   d i s -  
t r i b u t i o n  shown i n  each f i g u r e  will be the  same f o r  any o the r  rad ius  when the  
r e s p e c t i v e   c o n f i g u r a t i o n   i s   u s e d   w i t h   t h e  same p e r i p h e r a l   v e l o c i t y .  The rad ius  
o f  5 i n .   chosen  fo r   the   inves t iga t ion   has  no s p e c i a l  s i g n i f i c a n c e  and was o n l y  
used  as a convenient  measure. I n  any case, the  angular  speed  must  be ad jus ted  
so t h a t  t h e  d e s i r a b l e  maximum a l l o w a b l e  s t r e s s  i s  o b t a i n e d  f o r  e a c h  c o n f i g u r a -  
t ion. 
Both  pro f i les  have about  the  same angular  momentum-to-weight r a t i o  f o r  
equal maximum s t resses .  However, gyroscopic   bending will produce  stresses 
which  are  h ighest  at   he  hub  and  decrease  as  the  radius  increases. The s t r e s s  
d i s t r i b u t i o n  o f  F i g u r e  3 -2  p rov ided  fo r  t h i s  and  i s ,  t he re fo re ,  t he  more 
d e s i r a b l e   c o n f i g u r a t i o n .  The method  o f   account ing   fo r   combined  s t ress   e f fec ts  
i s  covered  under  the  computer  program  section. 
F igu re  3-3 shows t h e  p r o f i l e  and r o t a t i n g  s t r e s s e s  f o r  t h e  f i n a l  r o t o r  
desi.gn. The f i n a l   d e s i g n   h a s   t h e  same tape red   d i sc   as   t ha t  shown i n   F i g u r e  
3-2 (3 t o  I t ape r ) ,  bu t  has  an  add i t i ona l  r i m  wh ich  a l lows a l ower  pe r iphe ra l  
v e l o c i t y   t h a n   t h e   r o t o r   w i t h o u t   t h e   a d d i t i o n a l  r i m .  The r e a s o n   f o r   t h i s   d e v i a -  
t i o n  will aga in  be c l a r i f i e d  under  "Computer  Progran." 
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ROTATIONAL  STRESSES 
F I N A L  DESIGN FLYWHEEL 
H = 1000 FT-LB-SEC: 
MATL. 4340 STEEL 
SPEED 12,000 RPM 
R A D I A L   P O S I T I O N - I N ,  
Flgure 3-3. Rotat lonal Stresses 
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Description  of I B M  Proqram for Rotatinp  Stresses 
The  disc profile is divided into a number of radial stations  (up to 50). 
For each station, the geometry of the  disc is defined;  other  data include 
material density, modulus o f  elasticity,  temperature  variations,  and  coeffi- 
cient of  thermal expansion. The  analysis  assumes that each lineal element of 
the wheel Is translated and rotated after  stressing. This leads to the  formu- 
lation of  four  simultaneous  differedtial  equations,  two  of  equilibrium  (force 
and moment), and two of compatibi 1 ity. These  equations  are  translated into 
matrix form by a numeric  technlque which, given  the  boundary  conditions,  can 
then lead to the  solution o f  the  equations. 
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SELECTION OF THE MOTOR  SYSTEM 
Four  basic  motor  types  have  been  evaluated  to  determine  an  optimum  con- 
figuration  to  accelerate  and  drive  a  momentum  wheel.  Both  fixed  and  variable 
frequency  power  has  been  considered. A permanent  magnet  motor  operating  from 
a  variable  frequency  supply is selected as an  optimum  system. The system 
meets  all  specified  requirements,  and  keeps  power  requirements  to  an  absolute 
m in imum. 
Fixed  vs  Variable  Frequency  Power 
I .  Acceleration 
Regardless of the  type of motor  used, a  fixed  frequency  supply  leads  to 
large  losses during the  accelerating  period.  This  can  be  shown  as  follows. 
The power input (Pi) required for  an a-c motor  with  a  constant  frequency 
and  without  losses i n  the  stator i s ;  
Pi = T I U I ~  
The  power  output (Po)in the  rotor  without  mechanical  losses is, 
whe re = synchronous  speed of rotating  field in the  stator,  rad/sec 
wS 
wr = rotor  speed,  rad/sec 
TI = torque,  ft-lb 
The power loss is 
P = P  L i 
PL = T (UI - or) I s  
Energy loss for  time dt i s ,  
P x dt 
L 
The  total  energy loss is, 
” 
D u r i n g   a c c e l e r a t i o n ,  (cy) 
-I- 
dw ' I  a = - - -  
d t  - I 
I = moment o f  i n e r t i a  o f  the momentum wheel, s l u g - f t 2  
I dw 
d t  = -  
T I  
By s u b s t i t u t i o n   f o r   d t ,   t h e   e n e r g y  loss is ,  
EL = I sws.pd- I r w S  wrdw 
us = cons tan t ,   fu l l   synchronous speed. 
0 J O  
w 2 
EL = I (ws - -) S = 7 1 IW,2 2 
The energy 
which i s ,  
I KE = - 2 
loss e q u a l  t o  t h e  k i n e t i c  energy,KE, i n  t h e  momentum wheel 
The t o t a l   e n e r g y  ( E t )  r e q u i r e d  t o  b r i n g  t h e  momentum wheel t o  f u l l  speed i s  
E t  = KE -I- EL 
= Ius2 = 2KE 
The energy loss and k i n e t i c  e n e r g y  (KE)  o f  the  f l ywhee l  expressed as  a 
f u n c t i o n  of  angu lar  momentum (H) i s  
I KE = - Iw2 = - Hu, 
2  2 
For an angular momentum o f  
H = 1000 f t - l b - s e c ,  and  a speed o f  
n = 12,000 rpm 
u) = 1259 rad/sec 
KE = 'Oo0  '259 = 629,500 f t - l b  2 
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The  energy loss that  must  be  dissipated  as  heat (Q) in the  rotor i s ,  
Bearing  and  motor  stator  losses  are  very  small  and  would  not  have  tem- 
perature  rise  sufficient  to  flow  into  the  rotor.  Windage  loss is used  to 
estimate  the  temperature r lse  in the  momentum  wheel. 
For  the  three  different  metal  materials  used in this  analysis,  the 
specific  heat,flywheel  weights,  and  temperature  rise  are  tabulated  below. 
Specif I C  F 1 ywhee 1 Temperature 
Material  Heat Weight, Lb Rise, OF 
4340 Steel 0.107 33.6 224.5 
Ma rag i ng Stee 1 0. I I O  31.9 2 30 
Titanium 0.130 30.3 205 
The temperature  rise  does  not  take  into  consideration  the  dissipation of 
heat  from  the  momentum  wheel  due  to  radiation during the  2-hour  acceleration 
period. This loss  will  be  small since  the  highly  polished  surface  of  the 
wheel  affords a poor  radiating surface, 
The  power  loss  associated  with a constant  frequency  power  supply during 
starting  can  be  avoided by use of  a variable  frequency  power  supply.  This is 
true  because  the  stator  equivalent  speed  and  the  rotor  speed  are  equal. 
That i s ,  
and 
Since a fixed-frequency  power  supply  leads to  large  losses during the 
acceleration  period,  further  effort in design in this  approach is  not advisable. 
The  variable  frequency  power  supply  will be used  for  starting a1 1 size  wheels. 
For momentum  wheels  that  require  other  than  400-cycle  power  supply  for  full 
speed  operation,  the  inverter  will  be  used  continuously. 
2. Runninq at Full Speed 
The power  requirement  to  supply  power loss due  to  windage  and  bearing 
drag is  very small; less  than 20 watts  for  the  largest  momentum  wheels. 
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I n  b r i n g i n g  t h e  momentum wheel t o  f u l  I speed, w i t h  a constant torque the 
motor  output  power (pol  must be, 
P =  
0 
Fo r H =  
Po = 
The e l e c t r i c a l  
P, = 
1000 f t - l b - s e c ,  and A t  = 2 hours, u) = 1259 rad j sec  
2 x 6 0 ~ 6 0  
'Oo0 1259 f t - l b / s e c  
'*259x1!6 = 175 f t - l b / s e c  
7 . 2 ~ 1 0  
power (pel  expressed  in   wat ts  i s ,  
175  x 1.356 = 237 w a t t s  
The windage  and  bear ing  loss i s  approx imate ly  I3 wat ts .  The t o t a l  
power ou tpu t  (P,) o f  the  mo to r  will have t o  be, 
P t  = 237 + 13 = 250 w a t t s  
The motor power r a t i n g  (pH) w i l l  have t o  be 
pt 
'M = e f f i c i e n c y  
The to rque (To) r e q u i r e d  t o  b r i n g  t h e  wheel  from  zero t o  f u l l  speed w i t h  
c o n s t a n t   a c c e l e r a t i o n   i n   t i m e  ( A t )  i s ,  
L 
To A t  
Fo r 
and 
at 
H = 1000 f t - l b - s e c  
A t  = 2 hr  = 7200 sec 
The horsepower, tip, ou tpu t  o f  the motor  t o  a c c e l e r a t e  t h e  f l y w h e e l  i s  
TO* Hp = - 550 
n = 12,000 rpm 
w = 1259 rad/sec 
Hp = 0.139x1259 = o.318 550 
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The w indage  and  bear ing   loss   o f  13 w a t t s   r e q u i r e s  0.017 hp. The t o t a l  power 
o u t p u t  r e q u i r e m e n t  o f  t h e  m o t o r  i s  
0.318 + 0.017 = 0.335 hp 
Motor Cho i c e  
Four  types of  motors have been evaluated:  
I .  I n d u c t   i o n  
2 .  Re 1 uctance  synchronous 
3. Hysteres is   ynchronous 
4 .  Permanent  magnet  synchronous 
I Induc t   ion  Motor  
An induc t i on  mo to r  w i th  a cage r o t o r  o p e r a t e d  f r o m  a v a r i a b l e  f r e q u e n c y  
s u p p l y  p r o v i d e s  a n  e f f i c i e n t  means o f  a c c e l e r a t i n g  t h e  r o t o r  tu  runn ing  speed. 
The motor will no t   l ock   i n to   synch ron ism  w i th   t he   supp ly ,   bu t   f o r  a cons tan t  
load  will opera te   a t   cons tan t  speed a t  95 percent  of  synchronous  speed. It 
has  the  advantage of  m a i n t a i n l n g  a h i g h  t o r q u e  o u t p u t  r e g a r d l e s s  o f  i n p u t  
frequency,  and  has  no  motor  synchronizing  problems. I t s   r u n n i n g   e f f i c i e n c y  
will be S I  i g h t l y   l e s s   t h a n   t h a t   o f  a PM synchronous  motor. (An e f f i c i e n c y  o f  
85 p e r c e n t   i s   p o s s i b l e . )  The induc t i on   mo to r   rep resen ts  a c lose  second  choice 
f o r  an opt imum design where synchronous speed with another motor is not re- 
qui   red.  
2 .  The Reluctance  Motor  
The r e l u c t a n c e  m o t o r  i s  a s i m p l i f i e d  s a l i e n t  p o l e  s y n c h r o n o u s  m o t o r  w i t h -  
o u t   f i e l d   w i n d i n g s .  The synch ronous   t o rque   i s   l ess   t han   one - th i rd   t ha t   o f  
t h e  same m o t o r   w i t h  an e x t e r n a l l y  e x c i t e d  f i e l d  w i n d i n g .  The re luc tance  motor  
i s  a s i m p l e   a n d   v e r y   r e l i a b l e   m o t o r .  The r o t o r  i s  a s e r i e s  o f  s a l i e n t  t e e t h  
equa l   t o   t he  number o f  s t a t o r   p o l e s .  The r o t o r   t e e t h   t e n d   t o   l i n e   u p   w i t h   t h e  
s t a t o r  p o l e s  o f  t h e  r o t a t i n g  s t a t o r  f i e l d ,  p r o d u c i n g  t h e  s y n c h r o n o u s  a c t i o n .  
These r o t o r  t e e t h  a l s o  p r o d u c e  t h e  c h a r a c t e r i s t i c  c o g g i n g  a c t i o n  o f  r e l u c t a n c e  
motors .   Th is   cogg ing   p roduces   undes i rab le   cur ren t   peaks .  
I n  o r d e r  t o  p r o d u c e  s t r o n g  s a l  i e n c y  e f f e c t s  o r  t o r q u e ,  v e r y  h i g h  m a g n e t i c  
d e n s i t i e s  a r e  r e q u i r e d  w h i c h  r e s u l t  i n  l o w  power f a c t o r  a n d  p o o r  e f f i c i e n c y .  
The r e l u c t a n c e  m o t o r ,  b e c a u s e  o f  i t s  l o w  t o r q u e  a n d  e f f i c i e n c y ,  was no t  
chosen f o r   t h e   d e s c r i b e d   a p p l   i c a t i o n .   F o r   t h e   s i z e   r e q u i r e d ,   t h e   e f f i c i e n c y  
would be a  maximum o f  60 pe rcen t .  
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3. The Hysteresis  Synchronous  Motor 
The hys teres is  motor  has  a conven t iona l  s lo t ted  and  lam ina ted  s ta to r  w i t 4  
phase  windings  and a homogeneous cast sleeve of hardened permanent magnet 
m a t e r i a l   c o m p r i s i n g   t h e   a c t i v e   p a r t   o f   t h e   r o t o r .  The magnet ized  ro tor   tends 
t o  keep i n  s t e p  w i t h  t h e  r o t a t i n g  p o l e s  o f  t h e  s t a t o r  f i e l d  a n d  t o  r e s i s t  
demagnet izat ion.  
I n  c o n t r a s t  to  the   pe r fo rmance   o f   t he   re luc tance   mo to r ,   t he   hys te res i s  
m o t o r   e x h i b i t s   c o n s t a n t   t o r q u e  f r o m  s t a n d s t i l l  t o  synchronous  peed.  Because 
t h e  r o t o r  i s  smooth, t h e r e   i s  no tendency t o  cog a t   l o w  speeds,  and the   load  
can  be  smoothly  accelerated  into  synchronism. 
For a g i v e n  f l u x  d e n s i t y ,  v e r y  h i g h  m a g n e t i z i n g  c u r r e n t s  a r e  r e q u i r e d  
T h i s   r e s u l t s   i n   l o w  power fac to r ,   h igh   copper  loss ,  and  low e f f i c i e n c y .  Here, 
a s  i n  t h e  r e l u c t a n c e  m o t o r ,  t h e  e f f i c i e n c y  w o u l d  be  about  60  percent., 
4.  Permanent  Maqnet,  Synchronous  Motor 
The permanent  magnet  synchronous  motor i s  made up o f  a s t a t o r  w h i c h  p r o -  
duces a r o t a t i n g  f i e l d  and  an e x c i t e d  f i e l d  r o t o r  w h i c h  f o l l o w s  t h e  r o t a t i n g  
f i e l d .  
The most p r a c t i c a l  and e f f i c i e n t  d e s i g n  u s e s  permanent  magnets t o  p r o -  
d u c e   t h e   r o t o r   f i e l d ,   t h u s   e l i m i n a t i n g   t h e  power r e q u i r e d  f o r  e x c i t a t i o n .  
Because e f f i c i e n c i e s  o f  90 p e r c e n t   a r e   p o s s i b l e ,   t h i s  i s  the  motor   that  
was chosen.  However, the  PM synchronous  motor   cannot   accelerate  by  i tse l f   and 
deve lops   on ly  a small  torque when no t   runn ing   a t   synchronous speed. 
Th is   p rob lem i s  so lved  by   supp ly ing   the   motor   w i th   vo l tage  and a frequency 
wh ich  inc reases  a t  a c o n t r o l  l e d  r a t e  so tha t  t he  mo to r  i s  a lways  i n  synchron i -91  
w i t h  i t s  app l ied   f requency   as  i t  acce le ra tes .  T h i s  a d d i t i o n a l  power  supply i s  
a s o l i d - s t a t e   f r e q u e n c y   i n v e r t e r .  The o p e r a t i o n   o f   t h e   i n v e r t e r  i s  descr ibed 
on  page  3-60 i n  t h i s  r e p o r t .  
The f requency   inver te r   a lso   has   o ther   advantages .  The optimum momentum 
wheel may o p e r a t e   a t  12,000 rpm. T h i s  i s  p o s s i b l e   w i t h  a 4-pole  motor  when 
400-cps i s  used.   However ,   the  f requency  inver ter   can  supply   any  f ina l   f re-  
quency. A frequency  of  800  cps  can be used  wi th  an  8-pole  motor  chosen,  s ince 
the   h ighe r   f requency   a f fo rds  a s l i g h t  i n c r e a s e  i n  t h e  e f f i c i e n c y  o f  PM syn- 
chronous  motors, due t o :  
I .  Smal le r   nd   co i l s  
2 .  Sma l le r   a rma tu re   reac t i on   ( impor tan t   i n  PM des ign)  
3. Sma 1 l e r  yoke i ron  
The b e a r i n g  f r i c t i o n  and  w indage  ca lcu la t ions   a t  12,000 l-1x-n show  a loss  
o f  a p p r o x i m a t e l y  I 3  w a t t s .  
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T h i s  means t h a t  t h e  m o t o r  r e q u i r e d  f o r  a c c e l e r a t i o n  i s  n e a r l y  20 t imes 
l a r g e r   t h a n   r e q u i r e d   f o r   f u l l   l o a d   o p e r a t i o n .  
The use o f  two motors was eva lua ted  (one f o r  a c c e l e r a t i o n  a n d  one f o r  
f u l l  l o a d )  w i t h  t h e  f o l l o w i n g  c o n c l u s i o n s :  
1 .  Two m o t o r s   w o u l d   r e q u i r e   a d d i t i o n a l   c i r c u i t r y   a n d   s w i t c h i n g   w h i c h  
would  unduly  complicate  the  system. 
2. The  improvement i n   e f f i c i e n c y   o f   t h e   f u l l   o a d   m o t o r   i s   s l i g h t  and 
does n o t  w a r r a n t  t h e  a d d i t i o n a l  s w i t c h i n g  c i r c u i t r y .  
3. The add i t i ona l   mo to r   wou ld  add ex t ra   we igh t   o   the   sys tem.  
Motor Des i qn 
The motor  design  chosen was an ax ia l  a i r -gap permanent  magnet  synchronous 
motor. The a x i a l  a i r - g a p  was p r e f e r r e d  because the  motor was capab le   o f  sup- 
p l y i n g  t h e  a x i a l  b e a r i n g  p r e l o a d  o f  5 pounds. 
I n  t h e  a x i a l  a i r - g a p  c o n s t r u c t i o n ,  two designs  were  analyzed: 
I . Convent iona l   too thed  s ta to r  
2. T o o t h l e s s   d e s i g n ,   s i m i l a r   t o   p r i n t e d   c i r c u i t   m o t o r  
The too th less  des ign  has the   to l low ing   advantages   over   the   convent iona l   des ign :  
1 .  I r o n   l o s s e s   i n   t e e t h  e l  iminated 
2. Weight o f  t e e t h   e l i m i n a t e d  
3. Winding  th ickness  reduced 
4 .  Permeance of   the  armature  reduced 
5. Leakage  r actance  r duced 
6. Armature  react  ion  reduced 
The major  d isadvantage o f  t h i s  d e s i g n  i s  t h a t  l o n g e r  m a g n e t s  a r e  r e q u i r e d .  
However, t h i s  i s  n o t  o b j e c t i o n a b l e  because  the  ro tor  (PM) is p a r t  o f  t h e  f l y -  
wheel  and  the  weight o f  t h e  r o t o r  i s  an i n t e g r a l  p a r t  o f  t h e  t o t a l  moment o f  
i n e r t i a  o f  the  f l ywhee l .  
S i n c e  w e i g h t  i n  t h e  r o t o r  w i t h  a l a r g e r  r a d i u s  b e n e f i t s  t h e  momentum, a 
l a rger  motor  ro to r  d iameter  has  been used to  reduce the  magnet ic  f lux  and in- 
c r e a s e  t h e  e f f i c i e n c y  for  a s p e c i f i c  t o r q u e .  
The e f f i c i e n c y  o f  o n e  t o o t h l e s s  d e s i g n  a t  f u l l  speed load has been cal-  
c u l a t e d  t o  be 86.5 percent .   Th is  means t h a t  t h e  t o t a l  power  drawn will be 
13/0.865 o r  15 watts   f rom  the  f requency  Conver ter .  The w a t t s  l o s t  i n  t h e  f r e -  
quency  converter will be 2 watts,  so t h e  t o t a l  system power r e q u i r e d  a t  f u l l  
load w i  1 1  be 17 watts .  (A more c o n s e r v a t i v e  e f f i c i e n c y  o f  66.7 percent  was 
used i n  t h e  computer program. ) 
The a v e r a g e  e f f i c i e n c y  of t h e  m o t o r  d u r i n g  a c c e l e r a t i o n  i s  87 percent .  
Therefore,   the  average  motor  loss will be a t  h a l f  o u t p u t  o r  a t  125 wat.ts. The 
average  input i s  then 125/0.87 = 144 watt.s. 
The d i s s i p a t i o n  I n  t h e  f r e q u e n c y  i n v e r t e r  will r e m a i n  p r a c t i c a l l y  con- 
s t a n t  d u r i n g  a c c e l e r a t i o n  a t  a p p r o x i m a t e l y  22 wat ts  and then drop to 2 w a t t s  
a t   f u l l   l o a d  speed. 
Wi th a constant torque motor and a va r iab le  f requency  power  supply,  the 
energy ( E )  r e q u i r e d   t o   b r i n g   t h e   1 0 0 0 - f t - l b - s e c  momentum wheel t o  f u l l  speed i s :  
E = (144 + 22) 2 h r  = 332 watt -hours 
The peak power r e q u i r e d   d u r i n g   a c c e l e r a t i o n  i s :  
Motor 250 = 287.3 w a t t s  PM = 0.87 
I n v e r t e r ,  
P .  = 22.0 
I 
T o t a l  Power = 309.3 w a t t s  
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BEARING STUDY 
A study  has  been made o f  s e v e r a l  t y p e s  o f  b e a r i n g s  c o n s i d e r e d  s u i t a b ' l e '  
f o r  use i n  t h e  momentum wheel un i t .   Jou rna l   and   ba l l   bea r ings   were   s tud ied  
t o  o p t i m i z e  t h e  s e l e c t i o n  o f  s i z e  a n d  t y p e  f o r  t h e  p r e l i m i n a r y  d e s i g n  l a y o u t ,  
c o n s i d e r i n g  t h e  d e s i r e d  c h a r a c t e r i s t i c s  o f  l o n g ,  r e 1  l a b l e  s e r v i c e  l i f e ,  l o w  
weight,  and low power loss for  t h e   c o n d i t i o n s  imposed b y  t h e  c u r r e n t  s p e c i f i -  
c a t i o n s  f o r  t h e  g y r o  u n i t .  
B a l l   B e a r i n s   D e s i q n  
The b e a r i n g  s e l e c t e d  f o r  s t u d y  i s  a n  a n g u l a r  c o n t a c t ,  s u p e r - p r e c i s i o n  
b a l l   b e a r i n g .  The m a t e r i a l s   s e l e c t e d   a r e  consumable e l e c t r o d e  vacuum m e l t  
"50 t o o l   s t e e l   f o r   t h e   r i n g s   a n d   b a l l s ,   a n d   p h e n o l i c   l a m i n a t e   o r  a spec ia l  
s e l f - l u b r i c a t i n g   c o m p o s i t e   f o r   t h e   b a l l   s e p a r a t o r .  The s i z e   i s   t o  be 15-mm 
bore, 32-mm outs ide d iameter ,  and 0.3543 wid th .  
The c a l c u l a t e d  B I O  l i f e  f o r  t h i s  b e a r i n g  u n d e r  t h e  f o l l o w l n g  l o a d i n g  
schedu le   i s  8900 hours. 
Load, 1 b O f  time, % Speed, rpm 
50 1 15,000 
25  29 15,000 
15 70 15,000 
C o r r e c t i o n  was  made fo r  t he  use  o f  vacuum m e l t  s t e e l ,  u s i n g  a l i f e  m u l t i -  
p l  i e r  based on the experience data pub1 ished by the karden Corp., SKF Indus-  
t r i e s ,  and New D e p a r t u r e  D i v .  o f  GMC, a l l  o f  whom have  repo r ted  subs tan t i a l l y  
t he  same f i n d i n g s .   T y p i c a l   b e a r i n g   r a t i n g   c u r v e s   a r e  shown i n   F i g u r e  3 - 4 .  
The l i f e  m u l t i p l i e r  used t o  a c c o u n t  f o r  t h e  u s e  o f  vacuum mel ted  "50 
as  compared t o  ES52100 a i r  m e l t e d  s t e e l  was 5. 
To e x t e n d  t h e  p r o b a b i l i t y  o f  s u r v i v a l ,  t h e  b e a r i n g s  a r e  t o  be se lec ted  
on the bas is  of  low raceway waviness and raceway eccentr ic i ty  be low,0.000050 
i n .   T h i s   p l a c e s  them i n  a c l a s s   o f   r e d u c e d  1 i f e   s c a t t e r .   F u r t h e r ,   v i b r a t i o n  
a n d  t o r q u e  l i m i t s  r e p r e s e n t i n g  t h e  b e s t  10 percent  o f  s i m i l a r  b e a r i n g s  a r e  t o  
be app l i ed ,  f u r the r  i nsu r ing  f reedom f rom de fec ts  and, f i n a l l y  a 50-hour  pre- 
r u n  t o  e s t a b l i s h  t h e r m a l  s t a b i l i t y  a n d  t o r q u e  c o n s i s t e n c y  will be made. These 
s t e p s  c o n s t i t u t e  t h e  g r e a t e s t  p o s s i b l e  g u a r a n t e e  o f  c u l l i n g  o u t  d e f e c t i v e  
bear ings   w i th in   t he   cu r ren t   s ta te -o f - the -a r t ,   and   improve   t he   con f idence   o f  
a c h i e v i n g   a t   l e a s t   t h e  610 l i f e  w h i c h   i t s e l f   i s   s u f f i c i e n t   t o   t h e   a c c o m p l i s h -  
ment o f   t he   i n tended   m iss ion .  
The s e , l e c t i o n  o f  m a t e r i a l s  i s  g r e a t l y  s i m p l i f i e d  b y  t h e  w e a l t h  o f  
d a t a   r e a d i l y   a v a i l a b l e .  The "50 t o o l   s t e e l   i s   w e l l   p r o v e d   - i n  many app 
t i o n s ,  p r i n c i p a l l y  i n  gas  tu rb ine  and je t  eng ine  mainshaf ts ,  h igh-speed 
compressors,  other  high-performance  equipment.  AiResearch  has  used we1 
10,000 such b e a r i n g s  i n  t h e  r e c e n t  p a s t  a n d  t h i s  e x p e r i e n c e  d a t a  i s  a v a  
t e s t  
1 i ca -  
t u rbo -  
1 over  
i l a b l e .  
3 -16 
! :  
100 I ,000 SPEED I0,OOO 
N, RPH 
I00,000 
~~ 
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aPP 
c a t  
( 1 )  
Pre 
f o r  
P h e n o l i c  l a m i n a t e  b a l l  s e p a r a t o r s  have, o f  course, a l o n g  h i s t o r y  o f  
i c a t i o n   i n   g y r o s   a n d  many o t h e r   d e v i c e s .   T h e i r   p r i n c i p a l   a d v a n t a g e s   a r e  
p o r o s i t y  t o  p e r m i t   l u b r i c a n t   s t o r a g e ,  ( 2 )  i n s e n s i t i v i t y  t o  m a r g i n a l   l u b r i -  
on, and ( 3 )  minimized damage to  t h e  b e a r i n g  i n  t h e  e v e n t  o f  f a i l u r e .  
A composi te mater ia l  developed by Wcst inghouse has been invest igated. 
i m i n a r y  t e s t s  o f  t h i s  m a t e r i a l  h a v e  shown i t  t o  be a p r o m i s i n g  m a t e r i a l  
a b a l l ' b e a r i n g   s e p a r a t o r .  More e x t e n s i v e   t e s t i n g   i s   s u g g e s t e d   d u r i n g   t h e  
development  phase o f  t h e  g y r o  u n i t  t o  v e r i f y  i t s  a t t r a c t i v e  c h a r a c t e r i s t i c s  
fo r   aerospace app 1 i c a t   i o n .  
L u b r i c a t i o n  i s  t h e  c r u x  o f  t h e  d e s i g n  and f o r  t h e  speeds  considered; 
Andok-C g r e a s e  w i t h  p e r i o d i c  make-up o i l  added to  rep len i sh  the  g rease  i s  
chosen. The o i l  i s  t o  be  Teresso V-78, a. we1 1 tested  gyroscope  bear ing 
l u b r i c a n t ,  as i s  t he  Andok-C g r e a s e .   F i r t a l l y ,   p r i o r   t o  use, the   separa tor  
i s  t o  be  vacuum-impregnated w i t h  o i  1 t o  p r e v e n t  o u t g a s s i n g  and t o  i n s u r e  t h e  
maximum s t o r a g e  u t i  1 i t y  o f  t h e  p o r o u s  s t r u c t u r e  o f  t h e  m a t e r i a l .  
A t  p resent ,   bear ing   curva tures   o f  53 percen t  a t  t he  i nne r  race  and 54 
p e r c e n t   a t   t h e   o u t e r   r a c e   a r e   s p e c i f i e d .  A d i s t i n c t  t o r q u e  r e d u c t i o n  i s  
p o s s i b l e  w i t h  a w i d e r  i n n e r  r i n g  c u r v a t u r e  ( o f  55 percent  to 57 p e r c e n t )  b u t  
a r e d u c t i o n   I n   t h e   t h e o r e t i c a l  B I O  will accur .   Other   inves t iga tors   have 
r e s u l t s  s u g g e s t i n g  t h e  B I O  c a l c u l a t i o n s  t o  b e  i n a p p r o p r i a t e  t o  a p redominate ly  
th rus t - l oaded  bear ing  w i th  w ide  cu rva tu res ,  bu t  on l y  tes t i ng  will p r o v e  o r  
d i s p r o v e   t h i s   p o i n t .   I n  essence, a b e t t e r   b e a r i n g   d e s i g n   i s   i n d i c a t e d ,  bl;t 
t h e r e  i s  i n s u f f i c i e n t  c e r t a i n t y  as t o  t h e  l i f e  t o  p e r m i t  p r o p o s i n g  i t s  u s a g e .  
Power loss v a l u e s  f o r  t h e  b e a r i n g  s e l e c t e d  will be  found  in   F igures  4-13,  4-14, 
and 4-15. 
I n   c o n c l u s i o n ,   t h e   b e a r i n g   s p e c i f i e d ,   t h e   l u b r i c a t i o n s ,   a n d   t h e   f i t t i n g  
p r a c t i c c  recommended have  proved  successfu l   in   o ther   equipment ,   the  most  
n o t a 5 l e  o f  w h i c h  i s  a 22,000-rpm fan  wh ich  has  accumulated  over 18,000 hours 
o f  o p e r a t  i o n  w i t h  g r e a s e .  
To ta l   ba l  1 bea r ing   t o rque  i s  the  sum o f  t h e  t o r q u e  due t o  load,  torque 
due t o   l u b r i c a n t   v i s c o u s   e f f e c t s ,  and t h e   s e p a r a t i o n   f r i c t i o n .   O n l y   t h e  
l u b r i c a n t  t o r q u e  i s  speed  dependent,  varying  approximately  as  the  2/3  power 
o f  t h e  speed.  With  minimum film c o n d i t i o n s ,   t h e   m a g n i t u d e   o f   t h e   l u b r i c a n t  
t o r q u e  i s  i n s i g n i f i c a n t l y  s m a l l  and t h e  t o r q u e  o f  a b e a r i n g  so  l u b r i c a t e d  
will be  independent  of  speed  for a l l   p r a c t i c a l   p u r p o s e s .   T h i s   c o n d i t i o n  
represents   the  minimum  power l o s s   o f   b a l l   b e a r i n g s .   U s i n g   p r o p e r l y   c h a n n e l l e d  
grease,  the same r e s u l t   c a n   b e   o b t a i n e d   w i t h   e x t r e m e l y   l o n g  1 i f e .  The power 
loss  due t o  b e a r i n g  t o r q u e  a r e  i n c l u d e d  i n  t h e  c o m p u t e r  p o r t i o n  o f  S e c t i o n  3 
on page 3-42.  
F i g u r e  4-2 and 4-3 show the  recommended b a l l  b e a r i n g  r e m o v a b l e  c a r t r i d g e s  
i n   d e t a i l .   O p p o s i t e   t h e   m o t o r  end o f  t h e  s h a f t ,  i s  a l s o  an o i l  r e s e r v o i r  and 
s o l e n o i d  c o n t r o l  v a l v e  t o  p r o v i d e  a p o s i t i v e  means o f  r e p l a c i n g  t h e  o i l  l o s t  
b y   e v a p o r a t i o n   i n t o   t h e   f l y w h e e l  chamber  The l a b y r i n t h s  will keep the 
e v a p o r a t i o n  o f  o i l  f r o m  t h e  g r e a s e  a t  a very  low  ra te.   About  I d r o p  o f  o i l  
per  week shou ld  keep  the  bear ing  g rease  sa tu ra ted  w i th  o i l .  
Journal   Bear inq  Desiqn 
S i n c e  t h e  u n i t  i s  r e q u i r e d  t o  h a v e  a v e r y  l o n g  l i f e  p o t e n t i a l  when opera t -  
i n g  a t  a cons tan t  speed, a s i m p l e  j o u r n a l  b e a r i n g  r u n n i n g  w i t h  a hydr0dynami.c 
o i l  f i l m  i s  a n o t h e r  t y p e  o f  b e a r i n g  w o r t h y  o f  c o n s i d e r a t i o n .  The b e a r i n g  must 
be capable of  mainta in ing the hydrodynamic film s e p a r a t i n g  t h e  r e l a t i v e l y  
mov ing  sur faces  a t  the  peak  t rans ien t  and h igh  shor t -dura t ion  loads  encountered  
du r ing  manuever ing  o f  t he  space veh ic le .   Most   o f   the   opera t ion   wou ld  be a t  
cons ide rab ly  sma l le r  bea r ing  l oads  where t h e  o i l  film separa t i ng  the  bear ing  
sur faces  becomes t h i c k e r  a n d  power loss somewhat s m a l l e r  t h a n  a t  t h e  maximum 
l o a d i n g   c o n d i t i o n .   T h i s   c h a r a c t e r i s t i c   i n  a w e l l - d e s i g n e d   j o u r n a l   b e a r i n g  , 
i n s t a l l a t i o n  l e a d s  t o  e x c e p t i o n a l l y  l o n g  l i f e  w i t h  no m e t a l l i c  c o n t a c t ,  r u b -  
b i n g  o r  f a t i g u e  o f  t h e  b e a r i n g  s u r f a c e s .  S u i t a b l e  b e a r i n g  m a t e r i a l s  a n d  
lub r i ca t i on  p rov i s ions ,  as  we l l  as  adequa te  bu t  no t  excess i ve  s i z ing  o f  t he  
bear ing are necessary.  
The d e t e r m i n a t i o n  o f  j o u r n a l  b e a r i n g  p r o p o r t i o n s  shown i n  F i g u r e  3 - 5  was 
b a s e d  o n  p r e v i o u s  s a t i s f a c t o r y  e x p e r i e n c e  i n  t h e  s e l e c t i o n  o f  t h e  f o l l o w i n g  
parameters: 
I .   Bear inq   D iamete r  
The sma l les t   d iamete r   j ou rna l  deemed prac t ica l   cons ider ing   peak   loads ,  
m a n u f a c t u r i n g   f e a s i b i l i t y ,   m o u n t i n g ,   a n d   i n s t a l l a t i o n   i n   t h e   c o m p l e t e   u n i t  
assembly. 
2 .  Bear inq  Lenqth 
The sho r tes t   e f fec t i ve   ax ia l   l eng th ,   wh ich   t oge the r   w i th   t he   d iamete r ,  
o i l  film v iscos i ty ,  and bear ing  c learance w i  1 1  c a r r y  t h e  p e a k  l o a d s  t o  m i n i -  
mize  power  loss  a t   the  des ign  ro tat ive  speed;   these  propor t ions  would be used 
i n  t h e  f i r s t  p r o t o t y p e  o f  a u n i t   d e s i g n e d   w i t h   j o u r n a l   b e a r i n g s ;  i t  should be 
u n d e r s t o o d  t h a t  m o d i f i c a t i o n  may be  needed t o  f u r t h e r  o p t i m i z e  t h e  b e a r i n g  
when a c t u a l  o i l  f i l m  t e m p e r a t u r e s   ( d e t e r m i n e d   b y   t e s t )   a f f e c t i n g   o i l   v i s c o s i t y ,  
t o l e r a n c e  r e q u i r e m e n t s  a f f e c t  i.ng c learances and a1 ignment  condi t ions become 
more accura te  1 y known du r i ng  deve 1 opment . 
3. Oil F i l m   V i s c o s i t y  
I n  t h e  u n i t  u n d e r  c o n s i d e r a t i o n ,  f o r  t h e  l o n g - d u r a t i o n  o p e r a t i o n  when no t  
m a k i n g  r a p i d  a t t i t u d e  changes, t he  bear ing  hea t ing  e f fec ts  a re  sma l l  and  p ro -  
v i s ions  can  be made t o  conduct  heat away f r o m  t h e  b e a r i n g s  t o  r e l a t i v e l y  e x -  
tens ive  sur faces  f rom  which  the  heat   can be rad ia ted .  The o i l  f i l m  tempera- 
t u r e   h a s  been e s t i m a t e d  a t  20OoF. Th is   tempera ture   g ives   an   abso lu te   v iscos i ty  
o f  0.5 ( reyns,   (pound-second  per   square  inch  un i ts)   for  a t y p i c a l   v e r y  
low  vapor   p ressure   o i l   such   as   Octo i l -S .  I f  o t h e r  s u i t a b l e  o i l s  h a v i n g  d i f -  
f e r e n t  t e m p e r a t u r e - v i s c o s i t y  c h a r a c t e r i s t i c s  a r e  f o u n d  l a t e r  t o  be even bet ter ,  
t h e n  t h e  j o u r n a l  b e a r i n g  p r o p o r t i o n s  may have t o  be cor respond ing ly  mod i f ied .  
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4. Minimum Oil F i l m  Thickness 
An important parameter which was chosen . f rom exper ience  w i th  cons ide ra t i on  
o f  t he  bear ing  ma te r ia l s ,  qua l i t y  o f  manu fac tu re ,  and  film v i s c o s i t y ,  i s  t h e  
minimum o i l  f i l m  t h i c k n e s s   t o  be  al lowed. I f  t h i s   p a r a m e t e r   i s   t o o   g r e a t ,  t.he 
b e a r i n g  becomes la rger ,  heav ie r ,  will be  capable o f  h i g h e r  maximum loads but  
will consume excess ive  power. If the  parameter   i s   too   smal l ,   the   bear ing  may 
b e  t o o  m a r g i n a l  i n  maximum load  capaci ty,   and may be t o o  s e n s l t l v e  t o  s u r f a c e  
f i n i s h  and  shaf t   a l ignment ,   but   would consume less  power.  The  minimum o i l  
f i l m  t h i c k n e s s  f o r  t h e  p e a k  l o a d  c o n d i t i o n  s e l e c t e d  f o r  t h i s  s t u d y  was based 
on  exper ience w i th  t h e  k i n d  o f  m a t e r l a l s  a n d  q u a l i t y  o f  m a n u f a c t u r e  t h a t  w o u l d  
be  used. It s t i l l  has some conserva t ism  fo r   the   h igh-speed  bear ing   capac i ty  
being  considered. The  mlnimum film t h i c k n e s s   u s e d   i n   t h i s   s t u d y   i s  60 ( IO)  * 
inch.  A t  t he   l ong   du ra t i on   nomina l   oad ing   cond i t i ons ,   t h i s  minimum film 
th i ckness  wou ld  app roach  the  rad ia l  c lea rance  w i th  the  j ou rna l  concen t r i c  w i t h  
t h e  b e a r i n g  o r  o n e - h a l f  t h e  a l l o w e d  d i a m e t r a l  c l e a r a n c e .  
5 .  M a t e r i a l   S e l e c t   i o n  
The j o u r n a l   w o u l d ,   i n   a l l  cases,  be a h igh -s t reng th ,   ha rd   ma te r ia l .  It 
would  have a su r face  ha rdness  o f  60 t o  64 Rockwell  C, obta inable  by  case  hard-  
e n i n g ,   n i t r i d i n g ,   o r   e q u i v a l e n t   t r e a t m e n t .  The p r e f e r r e d   b e a r i n g   b u s h i n g  
m a t e r i a l  w o u l d  c o n s i s t  o f  a s t e e l  o r  b e r y l l i u m  b a c k i n g  w i t h  a s i l v e r  b e a r i n g  
su i tab le ,   t he re   a re   A l coa  B750-T5 aluminum, o r  C l e v i t e  t r i m e t a l  ( h i g h  l e a d  
b ronze  w i th  a t i n  base  babb i t t  ove r lay ) .  
6. Other   Conslderat ions 
C e r t a i n  o t h e r  c o n f i g u r a t i o n s  o f  j o u r n a l  t y p e  b e a r i n g s  a r e  t h e  f l o a t i n g  
bushing  and shoe types. These  and other   types  o f   bear ing  geometry   would  be 
g i v e n   s e r i o u s   c o n s i d e r a t i o n   i n  a f i n a l  d e s i g n  i f  t h e r e  were  any i n d i c a t i o n  o f  
an o i l  f i l m  wh i r l   p rob lem.  These in t roduce  somewhat g rea te r   comp lex i t y  and 
cost  which may no t  be j u s t i f i e d  i n  t h i s  a p p l i c a t i o n .  
It i s  l i k e l y  i n  a f i n a l  d e s i g n  t h a t  any bear ings   used   wou ld   be   res i l i en t l y  
mounted t o  p e r m i t  o p e r a t i o n  above t h e  f i r s t  c i i t i c a l  speed o f  t h e  r o t o r  a s s e m b l y .  
Th is   wou ld   ma te r ia l l y   reduce  any  peak t r a n s i e n t  l o a d s  and  what i s  more important, 
w o u l d  p e r m i t  t h e  a l r e a d y  v e r y  w e l l  b a l a n c e d  r o t o r  t o  r o t a t e  a l m o s t  e x a c t l y  a b o u t  
t h e  p r i n c i p a l  a x i s  t h r o u g h  i t s  mass c e n t e r  o f  g r a v i t y .  
An i m p o r t a n t  p a r t  o f  a f i n a l  d e s i g n  w o u l d  be the  development   o f   the  bear-  
i n g  l u b r i c a t i o n  s y s t e m  t o  m i n i m i z e  t h e  power l o s s  r e q u i r e d  t o  p e r f o r m  t h i s  
f u n c t i o n .  One means f o r  p r e s s u r i z i n g  a j o u r n a l  b e a r i n g  i s  t o  u s e  a n o n r o t a t i n g  
scoop  tube o f  v e r y  s m a l l  s i z e  w i t h  minimum d e p t h  o f  i m m e r s i o n  i n  o i l  w h i c h  i s  
r o t a t i n g  a t  r o t o r  speed. O the r   t ypes   o f  pumps o r  means f o r  t r a n s p o r t i n g  o i l  
t o   t h e   b e a r i n g   c o u l d  be  devised. I n  a l l  cases,  the f i na l   des ign   and   deve lop -  
ment  work  would  be  concerned w i t h  p r o v i d i n g  a d e q u a t e  o i l  t o  t h e  b e a r i n g  a t  t h e  
smal l e s t  power consumption. 
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7 .  Journal   Bear inq  Design 
F igu re  3-7 shows  a j o u r n a l  b e a r i n g  d e s i g n  t h a t  w o u l d  be s u i t a b l e  fo r  the  
momentum wheel. It i n c l u d e s   i t s - o w n   o i l  pump i n  the  form o f  a nonrevo lv ing  
p i t o t  t u b e .   T h i s   j o u r n a l   b e a r i n g  was n o t   i n c o r p o r a t e d . i n   t h e   f i n a l  assembly: 
due t o  i t  h a v i n g  s l i g h t l y  g r e a t e r  power loss. 
8 .  Power Loss 
Power loss equa t ions   a re   i nc luded   In   t he   compu te r   po r t i on  o f  t h i s  s e c t i o n  
on  page 3-43. Power loss   va lues   a re  shown i n   F i g u r e  3-6. 
Summary o f  Journa l  Bear ing  Study  
I n  a d d i t i o n  t o  t h e  v a r i o u s  i t e m s  p e r t i n e n t  t o  j o u r n a l  b e a r i n g s  d i s c u s s e d  
p rev ious l y ,  t he re  rema ins  the  p resen ta t i on  o f  t he  bear ing  s i ze  se lec t l on ,  ca l  
c u l a t e d  power   losses   and  d iamet ra l   c learances .   Th is   in fo rmat ion   i s   p resented  
i n  t h e  f o l l o w i n g  f i g u r e s :  
F igu re  3-5 shows se lec ted  bear ing  d iameters  fo r  var ious  maximum a l l owab le  
rad ia l   loads   f rom 32 t o  400 I b  and  bear ing  lengths f o r  a range o f  r o t a t i v e  
speeds. 
F igu re  3-6 shows t h e   j o u r n a l   b e a r i n g  power l o s s   a t   v a r i o u s  speeds f o r  
t h e   b e a r i n g   s i z e s   t o  be s e l e c t e d   i n   F i g u r e  3-5. A l s o   i n d i c a t e d   i n   t h l s   f i g u r e  
i s  t h e  power loss t o  be  expec ted  fo r  a v e r y  l i g h t l y  l o a d e d  b e a r i n g  h a v i n g  t h e  
p r o p o r t i o n s   s e l e c t e d   a n d   a t   v a r i o u s  speeds. F igu re  3-6 inc ludes  power  losses 
r e q u i r e d  f o r  s u p p l y i n g  o i l  t o  t h e  b e a r i n g .  
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F i g u r e  3-6. Power Loss Per Journa l   Bear ing   fo r   Var ious  Speeds and Loads 
Figure  3-7. J o u r n a l   B e a r i n g   w i t h   L u b r i c a t i o n  System 
WINDAGE LOSS FOR THE MOMENTUM WHEEL 
The  power loss due to aerodynamic drag must be considered f o r  var ious  
pressures   Ins ide   the   hous lng  and for d i f fe ren t   gases .   S ince   equat ions  fo r  our  
spec i f l c  des lgn  whee ls  were  no t  ava l l ab le ,  t he  fo l l ow ing  de r l va t i on 'o f  t he  
equat ions  used in the  computer  program  Is  g iven. 
There  are  th ree  d i f fe ren t  aerodynamic  f low cond i t ions  in  wh ich  the  whee l  
- cou ld   opera te ,   each  requ i r ing  a d i f f e r e n t   s e t   o f   e q u a t i o n s   t o   e x p r e s s   t h e  
power loss. These f low  cond i t ions   a re ' tucbu len t ,   laminar ,   and  f ree   mo lecu la r .  
reg   i ons  . 
Turbulent  Reqion 
For a disc,  
Power = ~ r o  = cH ( 1 / 2  pa5U3) f t - l b  
M = moment, f t - l b  
U, = angu la r  ve loc i t y ,  rad l sec  
p = mass o f  gas per  un i t  vo lume 
a = radius,  f t  
)I = C o e f f i c i e n t  o f  v i s c o s i t y  
v =  c o e f f i c i e n t  o f  k i n e m a t i c  v i s c o s i t y  
E 
v =  P 
C = 0.146R - l / 3  M 
R = Reynol ds number 
-1/5 
CM = 0.146 (e) 
MU, = 0.073 ( P  a U, CI 
0.8 4.6 2.8 0.2 f t - l b  
E l e c t r i c a l  power, 
P = 1.356 X MU, 
= 0.099 ( p  a U, p ) w a t t s  0.8 4.6 2.8 0.2 
~ " 
Reference NASA r e p o r t  No. 793, Appendix 8 ,  page 15. 
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I 
For a smoo;t& cyl:   ihde r,. 
P0we.r = = c ~ r p a ~ ~ 3 ~ . ,  Da 
CD, = d rag  coe f f i c i ' en t  
A. = leng.th, Ct 
F =  IOR -0.6 + 4..07 l'og 
E l e c t r i c a l  power, 
P = 1.356  CDPa4w3A Watts 
Tota 1 e 1 e c t  r i ca 1 power 
P = d i s c  power + cy1 inder power 
Fo r  he l i um a t  15'C, 
p = 4.065 x I O m 7  s l u g s / f t - s e c  
The d e n s i t y  o f  he1 ium a t  O°C and 760 mm Hg i s  
PO 
= 0.000346 s l   u g / f t 3  
A t  15OC 
= 3.46 x I O - &  760 ) 0.3595 ( I5+273 
= 3.28 x s1ugs./ft3 
Determine  the  Reynolds No. f o r  
F = 760 t o  0.00076 mm Hg 
u a 2 p  wa ap R =  - CI CI 
The p e r  
v =  
Then R = 
i p h e r i a l  v e l o c i t y  o f  t h e  wheel i s  
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For the  stress-limited wheel ,  usinq 4340 steel, 
V = 1800 f t /sec,  approximately 
R = I ft, approximately 
P = 760 mm Hg 
R =  1800*1.3.28 X to" = I .445 x ,06 4.065 x 10 ' 
For V = I250 f t /sec 
and R .= I f t  
P = 760 mm Hg 
For R = 1.645 x 10" 
CD = 2.5  x IO-' (Shown in Figure 3-9) 
Laminar Reqion 
For a d isc ,  I 
Power = MU, = CM ( I /Z  pa5w3 ) - f t - l b  sec 
CH = 3.87R- I /2 
Elect r i ca I Power 
P = 1.356 X 1.935 * 
= 2.61 w, watts. 
Reynolds No. R = df! 
CI 
For a smooth cy1 inder, 
The e l e c t r i c a l  power i s  
P = 4.26 CD pa4w3R 
4 c = -  
D R  
P =-  I 7 a o 4  pa"'~, w a t t s  
R 
The t o t a l  
P = 2  
Subst i t u t  
e l e c t r i c a l  power  is, 
5 3  
.61 + 17.04 s, wat ts  3R 
i ng  fo r  Reyno lds  No. 
P = 2.61  p0*5a4cg2'5V0'5 + 17.04 a2,u2@, w a t t s  
Free Molecular Flow Reqion 
I n  the   f ree   mo lecu la r   f low  reg ion ,  where the  mean f r e e  p a t h  i s  i n  t h e  
same o r d e r  of magn i tude  as  the  cha rac te r i s t i c  l eng th ,  (F igu re  3-8) the  major 
f l o w  phenomenon is  governed by  the  co l l i s ion  be tween gas  molecules  and  the 
wet ted   sur faces .  The f r e e   m o l e c u l a r  V ~ S C O S ~  t y  may be def ined  (Ref .  I )  as 
where p = pressure, % 
R = u n i v e r s a l  gas  const.,  ergs/OK  mole 
T = temperature, OK 
W = molecu la r  we igh t  
For a p l a t e  m o v i n g  a t  v e l o c i t y  V ,  cm/sec, t h e  s h e a r i n g  s t r e s s  i s  
Thus, t h e   t o t a l  moment a c t  
g ra ted  as 
i 
Ref. I Kennard E .  H., " K i  
New Yor i ,  McGraw H i 
dyne/cm2 
ng  on b o t h  s i d e s  o f  a r o t a t i n g  d i s c  may be i n t e -  
n e t i c  T h e o r y  o f  Gases'' 
1 1 Book Co. 
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and  the  power loss a s  
a p W  i- 
O (2rrRT) 
P = 2 J’ --7 2ni-3w2dr  ergs/sec 
h 
o r  P = 0.0158 x P“ a4w2 w a t t s  -2 
where p = pressure,rnrn Hg 
W = molecular  weight  
T = O K  
a = rad ius,  f t  
w = rad/sec 
S i m i l a r i l y ,  t h e  d r a g  o n  t h e  c i r c u m f e r e n t i a l  a r e a  may be ca l cu la ted  as  follows: 
2na3Aw2 x l o m 7  w a t t s  
where p = pressure,  
a = radius,  cm 
A = length, crn 
UI = rad/sec 
dy;e 
cm 
where 
or I P = 0.0314 x p+ w a t t s  1 
p = pressure,  rnrn Hg 
a = rad ius,  f t  
1 = length,  f t  
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W = molecu la r  we igh t  
The t o t a l  windage  loss,  therefore,  can  be  expressed  as 
4- 
' t o t a l  
r0.0158a + 0.0314A 
L 
A s  shown i n   e q u a t i o n   ( 6 ) , t h e   t o t a l  windage, loss is  p r o p o r t i o n a l  t o  the  
square   roo t   o f   t he   mo lecu la r   we igh t   o f   t he   gas ;   t he re fo re ,  i t  i s  recommended 
t h a t  h e l i u m  be used because i t  would  have  approximately 1/3 l o s s  compared 
w i t h  a i r .  (Hydrogen  would  have  the  least   loss  but  h.as n o t  been  used  because o f  
t h e  h a z a r d  i t s  f l a m a b i l i t y  i n t r o d u c e s . )  
Windage Loss Equations 
Power Loss, Watts 
P o r t i o n  o f  Wheel 
- -- 
Flow Region 
2.61 ( P '  a w CI Laminar 
4 e 26 CDpa4w3A 0.099 ( p  W C I  Tu rbu 1 e n t  
Smooth Cy 1 i nde r D i s c  
5 4 2.5 .5 
~-~~ -. 
O.aa4.6 2.8 0.21 
~ 
- 
17.04 a2w2CJR 
I 
p w+ Free Molecular  0.0158 ahW2 
- 
For C values,  see  Figure 3 - 9 .  D 
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Figure  3-9.  Drag C o e f f i c i e n t  f o r  Revolv ing  Cyl inders a s  a Func t . ion  o f  Reynolds NO, 
WINDAGE POWER LOSS FROM OIL VAPOR PRESSURE 
The r o t o r - b e a r i n g  o i l - l u b r i c a n t  will supply  molecules t o  t h e  g a s  i n s i d e  
the  momentum wheel,  and i n  the  s teady  s ta te,   accord ing to  Da l ton ’ s  Law,+p t h e  
p r e s s u r e   c o n t r i b u t i o n  will be   t he   vapor   p ressu re   o f   t he  o i l .  Al though  the 
vapor pressures of t y p i c a l  o i  1s f o r  vacuum opera t  i on  a re  ra the r  sma l l  ( I  .5 t o  
3 x 10” mm Hg a t  25OCj,  t h e  m o l e c u l a r  w e i g h t  i s  h i g h  ( t y p i c a l l y  4293 which 
m i g h t   n e v e r t h e l e s s   c o n t r i b u t e  a s i g n i f i c a n t  p o r t i o n  o f  the  windage  loss.  A 
c a l c u l a t i o n  was made and for  t h e  minimum e q u i v a l e n t  w e i g h t  d e s i g n  a t  12,000 
rpm  and IOe3 mm Hg pressure,   the  windage  loss due to  the o i  1 vapor  pressure 
a l o n e  i s  I . 8 ~ 1 0 ’ ~  w a t t s  v e r s u s  0.8 w a t t s  f o r  hydrogen gas, 3.6 w a t t s  f o r  helium, 
and 7.8 w a t t s  f o r  a i r .  The vapor  pressure  can  be  expected to  increase  by a 
f a c t o r  o f  100 a t   he   nomina l   work ing   t empera tu re  o f  16OoF. For   t h l s ,   t he  
l o s s   i s  0.13 watts.   Consequent ly,   the  addi t ional   windage  loss  caused  by  the 
o i l  i s  n e g l i g i b l e  and  need n o t  be  cons’idered when d e t e r m i n i n g  t o t a l  CMG l oss .  
To c a l c u l a t e  t h e  o i l  v a p o r  p r e s s u r e  l o s s ,  u s e  i s  made o f  Equat ion 6 on 
page 3-31. The o i l  vapor  molecules  are i n   t h e   f r e e   m o l e c u l a r   f l o w   r e g i o n .  
Using  hydrogen  gas  as a basis,  
W 
- 0  
”
wH Ho 
where Po = windage  power  loss  due t o  o i l  vapor  pressure 
PHo = windage  power  loss  due t o  hydrogen  gas a t  a pressure 
e q u i v a l e n t  t o  the  o i l  vapor   pressure 
W = molecu la r   we igh t  of  t h e   o i l  
WH = mo lecu la r   we igh t  o f  hydrogen 
0 
;kDalton’s Law: A mix tu re   o f   seve ra l   gases   wh ich  do n o t   r e a c t   c h e m i c a l l y  
e x e r t s  a pressure  equal  t o  the  sum o f  the  pressures  which  the  several   gases 
wou ld  exe r t  separa te l y  i f  each  were  a l lowed  to  occupy  the  ent i re  space  alone 
a t  t h e  g i v e n  t e m p e r a t u r e .  
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COMPUTER PROGRAM 
I n t r o d u c t i o n  
D e s i g n  o p t i m i z a t i o n  r e f e r s  t o  t h e  s e l e c t i o n  o f  f l y w h e e l  m a t e r i a l ,  f l y - '  
wheel  geometry,  operating speed, and   bea r ing   con f igu ra t i on ,   such   t ha t  a 
minimum e q u i v a l e n t   w e i g h t   d e s i g n   i s   o b t a i n e d .  The equ iva len t   we igh t   i nc ludes  
the   ac tua l   we igh ts   o f   the   f l ywhee l ,   the   hous ing ,   the   e lec t r i c   d r ive   motor ,  
and  the  shaf t ;  and a l s o  t h e  power demand f i g u r e d  a t  I pound o f   we igh t   pe r  
w a t t .  The power demand i s  t h a t   r e q u i r e d   t o   n l a i n t a i n  a cons tan t  speed o f   t h e  
f lywheel ,   and i s ,  therefore,   equal   to   the  losses due t o   t h e   b e a r i n g s ,   f l y -  
wheel  windage,  and  motor. 
Genera 1 Approach 
Fo r  a spec i f i ed  angu la r  momentum vector and magnitude of c o n t r o l  moment, 
var ious  des igns  are  examined, s t a r t i n g  w i t h  a n  a s s i g n e d  r a d i u s  of t h e  f l y -  
whee l .   F i r s t ,  a minimum we igh t   f l ywhee l   i s   des igned   f rom  g i ven   s t reng th  
p r o p e r t i e s  and s p e c i f i c   w e i g h t   o f   t h e   s e l e c t e d   m a t e r i a l ,  The corresponding 
we igh t   o f   t he   hous ing   and   bea r ing   l osses ,   e t c . ,   i n   suppor t   o f  t h i s  f l ywhee l  
ope ra t i on   a re   t hen   ca l cu la ted .   Th i s   rep resen ts   t he   bes t   des ign   f o r  a g i ven  
r a d i u s   w i t h   t h e  1 i g h t e s t   w e i g h t   f l y w h e e l .  However, f o r   m a t e r i a l s   p o s s e s s -  
i n g  a h i g h  s t r e n g t h - t o - w e i g h t  r a t i o  t h e  speed  needed to  deve lop  the  1 i m i t i n g  
s t r e s s e s  f o r  smal 1 wheel rad ius  may be excess i ve   i n   t he  sense t h a t  power 
losses a t  t h a t  speed, when conver ted   t o   we igh t   pena l t y ,  more  than o f f s e t  t h e  
we igh t   sav ings   o f fe red   by   the  wheel a l o n e .   I n   s u c h  a case, i t  i s  more 
advantangeous t o  use a heavier  wheel   which  can be o p e r a t e d  a t  a lower  speed 
f o r   t h e  same angu lar  momentum.  The added we igh t   o f   the   whee l  must, o f  course, 
be more than  compensated f o r  b y  t h e  r e d u c t i o n  i n  power made poss ib le   by   the  
lower  speed. A s e a r c h   i s  made a t  t h i s  t i m e  f o r  t he   bes t   comb ina t ion   o f  
wheel  weight  and speed which resul ts  in  a minimum equ iva len t  we igh t  des ign .  
The en t i re   p rocedure  i s  now repeated f o r  a n o t h e r  r a d i u s  o f  t h e  f l y -  
whee l ;   t h i s  i s  c o n t i n u e d   u n t i l   t h e   f e a s i b l e   r a n g e   o f   s i z e s  has  been exhausted. 
Automated  machine p l o t t i n g  o f  v a r i o u s  d e s i g n  p a r a m e t e r s  v s  r a d i u s  t h e n  p r e -  
sents   the   user   w i th  a g r a p h i c  p i c t u r e  o f  t h e  t r a d e o f f  f a c t o r s  a f f e c t i n g  
weight, power,  and  speed. 
Th is  p rogram is  now a p p l i e d  t o  a range o f  a n g u l a r  momentum magnitudes 
(200 t o  2000 f t - lb -sec) ,  and then t 6  va r ious  ma te r ia l s  and  bear ing  des igns .  
The f i n a l  s e l e c t i o n  o f  m a t e r i a l  and   bea r ing   des ign   i s  made by  the  responsib le  
eng i neer . 
D e t a i l e d  A n a l y s i s  
I . Whee 1 Geome t r y  
To e l im ina te  unnecessary  bend ing  s t resses ,  the  whee l  p ro f i le  w i  I 1  be 
made symmetr ical   about a r a d i a l   l i n e .  The geometry i s   t h e n   d e f i n e d   b y   t h e  
t h i c k n e s s   v a r i a t i o n  as a f u n c t i o n   o f   r a d i u s ,   o r  t = t ( r ) .  An impor tan t  
concept i n  wheel  geometry i s  the   s lenderness   ra t io ,   de f ined a s   t h e   r a t i o  
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o f  a re ference  th ickness,  e.g. t ( O ) ,  to  the  maximum rad ius  rmax. The 
parameter to  be  maximized i n  a whee l   des ign   i s   the   angu lar  momentum t o  . 
w e i g h t   r a t i o  (H/W).  It can  be shown t h a t   h i s   r a t i o   i n c r e a s e s   w i t h o u t  
limit a s   t h e   s l e n d e r n e s s   r a t i o   i s   a l l o w e d  to  approach   ze ro .   P rac t i ca l  
cons idera t ions ,   however ,   p lace   l im i ts   on   bo th   the   s ize   o f   the   whee l   and 
i t s  minimum th ickness so t h a t  i t  is   inadequate  to a t tempt   to   max imize  H/W 
b y   r e d u c i n g   t h e   s l e n d e r n e s s   r a t i o   a l o n e .  A h i g h e r   l e v e l  o f  max im iza t i on  
i nvo l ves  sea rch ing  f o r  a p r o f i l e  shape t ( r )  which, f o r  t h e  same a l l o w a b l e  
w o r k i n g   s t r e s s  o f  t h e   m a t e r i a l ,   w o u l d ' y i e l d   t h e   l a r g e s t   r a t i o  o f  H/W. The 
shape fac to r  he re  mus t  be  understood to des ignate  the  th ickness  ra t ios  be-  
tween  var ious   par ts  o f  the  wheel a t  d i f f e r e n t  r a d i a l  s t a t i o n s  inasmuch  as 
wheels w i t h  the  same thickness  rat ios,   independent o f  actua l   th icknesses,  
have  the same s t r e s s  d i s t r i b u t i o n  a n d . h e n c e  t h e  same H/W f o r  a g i v e n  t i p  
speed ,   Th i s   f ac t   a l l ows   t he   sea rch  f o r  an  optimum  shape (or r e l a t i v e  
t h i c k n e s s  d i s t r i b u t i o n )  to be made independent o f  e i t h e r  t h e  r a d i u s  o f  the  
wheel o r  t h e   t o t a l   a n g u l a r  momentum H. Wheels o f  var ious  shapes  but   hav ing 
the  same OD were  inves t i ga ted  fo r  t h e i r  H/W values  by a computer  program 
w h i c h   c a l c u l a t e d   t h e   s t r e s s e s   a t   a n   a r b i t r a r i l y   a s s ' i g n e d  speed. The speed 
i s   subsequen t l y   ad jus ted  to  cor respond  to   the  same a l l o w a b l e  s t r e s s  i n  e a c h  
wheel,  thus y i e l d i n g   t h e  maximum angu la r  momentum H f o r  t h a t  shape. The 
p r o f i l e  i n  F i g u r e  3-10 was se lec ted  as  a r e s u l t  o f  such a comparat ive study; i t  
has v e r y  n e a r l y  t h e  o p t i m u m  t h i c k n e s s  v a r i a t i o n  f o r  maximum H/W, and i s  t h e  
geometry  adopted f o r  a l l  the   whee ls   inves t iga ted  i n  t h i s   s t u d y   ( e x c e p t i n g   t h e  
f i b e r g l a s s  d e s i g n ) .  
The govern ing  equat ions f o r  t h i s  shape a re   rep resen ted   i n   t e rms   o f  
d i m e n s i o n l e s s   c o e f f i c i e n t s  C , ,  C 2 ,  and C3: 
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R 1 
.95 
L 
.85R 
.425R 
A X 1  
. 
R A D I I  TO 
INCREASE M I N I M U M  
T H I C K N E S S  BY 496 
- I .5t" 
F i g u r e  3-10. P r o f i l e  o f  Optimum Shaped Momentum Wheel 
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where 
H = angu lar  momentum, i n-lb-sec 
R = wheel  radius, i n  
= re fe rence  wheel  thickness, i n  
,, = angu la r  speed, rad/sec 
CY = maximum c e n t r i f u g a l   s t r e s s ,   p s i  
y = s p e c i f i c   w e i g h t   o f   w h e e l   m a t e r i a l ,   l b / i n 5  
W = w e i g h t   o f  wheel, I b  
Once t h e  t h r e e  c o e f f i c i e n t s  have  been c a l c u l a t e d  f o r  a sample  wheel,  another 
wheel o f  d i f f e r e n t  r a d i u s ,  wheel   mater ia l ,   and  s lenderness  ra t io   can be 
qu ick l y   des igned  as long as   t he   t h i ckness   d i s t r i bu t i on   i s   unchanged .  
2.  Combined' St resses  (St ress  L imi ted  Desiqn)  
I n  a d d i t i o n  t o  t h e  c e n t r i f u g a l  s t r e s s e s  o f  r o t a t i o n ,  t h e r e  a r e  some 
s m a l l   b u t   n o t   n e g l i g i b l e   b e n d i n g   s t r e s s e s   i n   t h e  wheel,  occasioned  by  the 
t r a n s m i s s i o n   o f   g y r o s c o p i c  moments t o  and f rom  the   bear ing   suppor ts .   Th is  
l a t t e r   s t r e s s   c o n d i t i o n   i s ,   f u r t h e r m o r e ,   c y c l i c   i n   n a t u r e ,  as  opposed t o   t h e  
c e n t r i f u g a l   s t r e s s ,   w h i c h   i s   u n i f o r m   a t  a un i fo rm  speed .   S ince   cyc l i ng   occu rs  
a t  t h e  r o t a t i o n a l  speed o f  the  wheel,  these  stresses  must be c o n s i d e r e d   f o r  
i n f i n i t e   f a t i g u e   l i f e .  The t o t a l   a l l o w a b l e   s t r e s s   c a n  be spec i f i ed   conse rva -  
t i v e l y  t h r o u g h  t h e  u s e  o f  a m o d i f i e d  Goodman Diagram shown below i n  F i g u r e  3-11. 
F i g u r e  3-1 I .  Mod i f i ed  Goodman Diagram 
O S  
= maximum a l l o w a b l e  s t a t i c  s t r e s s  component 
0 
Od = maximum a l lowab le  dynamic  s t ress  component 
0 
The maximum s t r e s s e s  a l l o w a b l e  f o r  e i t h e r  t y p e  o f  l o a d i n g  a l o n e  a r e  l a i d  o u t  
on  two  Cartesian  axes. Combined a l l o w a b l e   s t r e s s i n g  i s  t h e n . i n d i c a t e d  by 
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t h e   s t r a i g h t   l i n e   j o i n i n g   t h e  two po in ts ,  so and  o. For  bending of a c i r c u -  
l a r  p l a t e  b y  a moment app l ied   th rough a c e n t r a l  s h a f t ,  t h e  maximum r a d i a l  . 
s t r e s s  o c c u r s  a t  t h e  j u n c t i o n  o f  t h e  s h a f t  a n d  t h e  p l a t e ,  and i t s  magnitude 
may be g iven by  
0 0 
M 
0 d = 0 s  
whe r e  
M = gyroscop ic  moment 
R = wheel  radius 
0 = a c o e f f i c i e n t  dependent  on r/R, where r i s  t he   sha f t   rad ius  
From  reference ( I ) ,  t h e   f o l l o w i n g   t a b l e   f o r  B i s  ob ta ined .  
r / R  0 .  I 0.  I5 0.20  0.25  0.30  0.35 
B 4.36-5.05  3.80-3.70 3.27-2.75 2.80-2.30  2.37-2.00  2.10 
r / R  0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 
B I .84 I .58 I .41 1.16 I .07 0.90 0.78 0:70 0.57 
. -  
The s o l u t i o n  g i v e n  h e r e  i s  o n l y  a p p r o x i m a t e l y  a p p l i c a b l e  to the problem on 
hand; but   subsequent   analys is  has  hown tha t  t he  op t imum des ign  i s  on l y  
s l i g h t l y  i n f l u e n c e d  b y  t h e  c y c l i c  s t r e s s  component  because o f  t h e  small 
moment s p e c i f i e d   f o r   t h e   c o n t r o l  moment gy ro .   Fo r   t h i s  reason, i t  i.s the 
c o n c l u s i o n  t h a t  r e f i n e d  and t ime-consuming ana lys is  o f  a more e x a c t i n g  n a t u r e  
cannot be j u s t i f i e d  f o r  t h i s  problem  statement.  
I n  the   des ign   o f   the   s t ress- l im i ted   whee l ,   conserva t ive   a l lowab le  
stresses  were used,  as  hown i n  t h e  f o l l o w i n g  t a b l e :  
0 
M a t e r i a l  S 0 
ad 
0 
4340 S t e e l  150,000 60,000 
Ma r a g i  ng S t e e  1 I 70,000 60,000 
T i  taniurn I I o,.ooo 50,000 
Reference(  l )Roark,   "Formulas  for  S t r e s s  and Strain,"  2nd Edit ion,  McGraw-Hil l ,  
N.Y. ,  1954, pp 195 - 216 
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An a d d i t i o n a l  m a r g i n  o f  s a f e t y  i s  p r o v i d e d  t h r o u g h  t h e  s e l e c t i o n  of p 
and t i n  equa t ion  (4). The average web thickness  t (0.425R)  rather  than  the 
hub t h i c k n e s s   i s  used, w h i l e  B i s  ass igned  the  va lue  5.05 f o r  r/R = . I .  
Refe r r i ng   aga in   t o   t he   p reced ing  Goodman diagram, i t  i s  seen  tha t  
By s e l e c t i n g  a ma te r ia l   and   ass ign ing   t he   rad ius  " R " ,  equat ions  ( I )  through 
(5) a l l o w  t h e  speed  and  wheel  thickness  to be ca l cu la ted   such   t ha t   t he   g i ven  
angu lar  momentum i s  s a t i s f i e d  and w i t h  the  s t ress  components r i d i n g .  t h e  
a l l o w a b l e  l i m i t s  s e t  f o r t h  b y  t h e  m o d i f i e d  Goodman diagram: 
H 
C ,  R 4  ty u l =  (7 1 
and we igh t  W = C 3 R 2  ty 
The minimum we igh t  f l ywhee l  so  designed requires an operat ing speed w and 
phys i c a  1 dimens  ions t and R .  These parameters are necessary in format  ion 
f o r  the  c a l c u l a t i o n  o f  b e a r i n g  and  windage  losses. 
3. F iberq lass   Des iqn  
Since a minimum weigh t  f l ywhee l  can  be ob ta ined  f rom a m a t e r i a l  w i t h  the  
h i g h e s t  s t r e n g t h - t o - w e i g h t  r a t i o ,  f i b e r g l a s s  was i n v e s t i g a t e d  as a p o s s i b l e  
wheel  material,  i t s  FtU/y r a t i o  b e i n g  n e a r l y  2.5 t i m e s  t h a t  o f  t h e  h i g h  s t r e n g t h  
a l l oy   s tee l .   Th i s   apparen t   advan tage ,  however,  must  be  tempered w i t h   t h e  
f a c t  t h a t  t h e  f i b e r g l a s s  c a n  o n l y  be f a b r i c a t e d  e a s i l y  i n t o  a r i ng  wh ich  can  
e f f e c t i v e l y   p r o v i d e   h i g h  hoop t e n s i o n   a g a i n s t   r o t a t i o n a l   s t r e s s e s .  Some type 
o f  a t tachment   must   be   incorpora ted   in to   the   des ign   to   t ie   the  r i m  to the  hub 
and to   t ransmi t   he   gyroscop ic   poments .   Another   d isadvantage  i s   tha t  compara- 
t i v e l y  h i g h  speeds. a r e   r e q u i r e d  to d e v e l o p   t h e   f u l l   s t r e n g t h   o f   t h e   f i b e r ,  anti 
t h i s  causes  power losses which  must  be  reckoned  against   the  actual   weight o f  
t h e  wheel . 
The accompanying sketch indicates a poss ib le  des ign  con f igu ra t i on  where in  
the  moment i s  t ransmi t ted  v ia  two a luminum d iscs .  
3 -39 
FIBERGLASS 
ALUMINUM  FLANGE 
F 'If )f- ALUMINUM D I S C  
J. +'!"-Lk "c SHAFT ( STEEL 1 
The design  formulas, der ived  f rom the  bas ic  equat ion  H = Tu, and W = C (volume) 
x ( s p e c i f i c  w e i g h t j ,  a re  
H = (0.432R + 0.244t  R 4  x 10-9 ( 8 )  
and 
W = (0.02775R + 0.00943t)  R 2  
where 
H = angu lar  momentum, in . - lb -sec  
R = wheel r a d i u s ,   i n  
t = a x i a l   d e p t h   o f   f i b e r g l a s s   w i n d i n g s ,   i n  
W = we igh t   o f  assembly, I b  
I n  genera l ,   t he   cons t ruc t i on   requ i res   t ha t  t 2 R / 2  
4 .  Minimum EQuivalent  Weiaht  Desian 
I n  the  course  o f  the  des ign  ana lys is ,  some heavy and p a i r e d  b a l l  b e a r -  
i n g  c o n f i g u r a t i o n s  w e r e  i n v e s t i g a t e d  a s  t o  t h e i r  e f f e c t  on t h e  s e l e c t i o n  o f  
the  optimum  system. The 1arge.power   losses   assoc ia ted   w i th   these  bear ings  
i nd i ca ted  tha t  under  ce r ta in  comb ina t ion  o f  design  requirements i t  i s  advan- 
tageous t o  o p e r a t e  a f lywheel below the speed o f  t h e  maximum a l l owab le  s t ress .  
T h i s  e n t a i l s  a heavier  wheel  and housing for  a g iven angu lar  momentum; bu t  
t h e  r e d u c t i o n  i n  power l oss  due to  the  l owered  speed  can  more  than make up 
the   d i f f e rence .  The computer   program  which  implements  th is   phase  o f   the 
study uses a sea rch  rou t i ne  which, s t a r t i n g  w i t h  t h e  minimum weight f lywheel,  
examines t h e  p o s s i b l e  m e r i t s  o f  a d d i n g  v a r i o u s  amounts o f  f l a n g e  m a t e r i a l  t o  
the   s t ress - l im i ted   whee l .  The sea rch   p roceeds   i n   t he   d i rec t i on   o f   reduc ing  
t o t a l  e q u i v a l e n t  w e i g h t  u n t i l  a minimum  has  been loca ted .  
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1 
.05R 
R 
Re fe r r i ng   t o   t he   d raw ing ,   t he  amount of f l a n g e   a d d i t i o n   i s   s p e c i f i e d   b y  
the  we igh t  i nc rease  A W :  
4W = CUW 
w h e r e a   i s   i n i t i a l l y   a s s i g n e d  some va 
the  search,  and i s   l a t e r   r e d u c e d   t o  0 
w i d t h   o f   t h e   a d d i t i o n a l  r i m  i s  then g 
CYW 
A t  = 
ynR2 ( .097S) 
The i n c r e a s e   i n  moment o f  i n e r t i a  i s ,  
A I  = - ( .95 125)  
9 
There fo re ,   t o   ob ta in   t he  same angular  
Aw - - - I + I / A I  
w 
lue, about 0 .  I a t  t h e  beg i n n i n g  o f  
.01 toward   the  end o f  the  search. The 
iven  by 
( I  1 )  
cor respond ing ly ,  
( 1 2  
momentum, the  speed  must  be  reduced 
(13  
The  new geometry  and  speed  are  used  to  recalculate  the power requi rements.  
Th is   p rocedure   i s   based   on   t he   cond i t i on   t ha t   t he  speed r e d u c t i o n   t o  
ma in ta in   cons tan t   angu lar  momentum i s  more t h a n  n e e d e d  t o  o f f s e t  t h e  s t r e s s  
increase  caused  by  the  in t roduct ion  o f   non-opt imum  wheel   geometry .   Th is  
c o n d i t i o n  has  been v e r i f i e d  t h r o u g h  a ser ies   o f   ca lcu la t ions   by   the   computer  
program f o r  d i s c  s t r e s s e s ,  where i t  was establ ished  that   these  wheels   can be 
run   f rom 6 p e r c e n t  t o  30 p e r c e n t  f a s t e r  and s t i l l  r ema in  w i th in  the  s t ress  
l i m i t s ,  t h e  m a r g i n  b e i n g  l a r g e r  f o r  t h e  s m a l l e r  a n g u l a r  momentum des igns .  
5. Bear ing  Formulas 
a.   Angular   Contact   Bal l   Bear ings--The  torque  in  a b a l l   b e a r i n g  may be 
ass igned  to  va r ious  causes :  
I .  Lub r i can t   d rag  - recent  development  in  the  use  of   channel ing  greases 
can  reduce  th is   i tem  to   a lmost   zero .   In   the   computer   p rogram a 
c o n s e r v a t i v e l y  l a r g e  d r a g  i s  assumed, u s i n g  a proven 1 i g h t  o i l  . 
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2 .  Rad ia l   oad  - the   bea r ings   a re   s i zed  to  take   t he  maximum s p e c i f i e d  
l o a d s ,  b u t  t h e  o p t i m i z a t i o n  i s  c a r r i e d  o u t  u s i n g  a weighted  average 
load due to  t h e  s p e c i f i e d  c o n t r o l  moment schedule. 
3 .  Thrus t   load  - t h i s   i s   i n t r o d u c e d   t o   p r e v e n t   h e   s e p a r a t i o n   o f   t h e  
b a l l s   f r o m   t h e i r   r a c e s  on the   un loaded   s ide   o f  a bear ing .   Th is  
l o a d i n g   i s   n e c e s s a r y   t o   i n s u r e   r e l i a b l e  and  smooth  performance  and 
f o r   l o n g  1 i f e  . 
4 .  Ba l l   separa to r   d rag  - the   use   o f  new separa to r   ma te r ia l s   des igned  
f o r  vacuum o p e r a t i o n  will p r a c t i c a l l y  e l i m i n a t e  t h i s  i t e m .  Again, 
the computer  program conservat ive ly  inc luded a quant i t y  based on  
c o n v e n t i o n a l   m a t e r i a l .  
The f o l l o w i n g  b e a r i n g  t o r q u e  f o r v u l a s  u s e d  i n  t h e  c a l c u l a t i o n s  w e r e  
e m p i r i c a l l y  d e r i v e d  and v e r i f i e d  t h r o u g h  e x t e n s i v e  l a b o r a t o r y  t e s t s .  
- 
Ta 
Tb = 6400 (F D f ) / ( n  d 3, (Rad ia l   l oad   t o rque)  
= BN LQ  (Lub r i ca t i on   d rag   t o rque)  
4 - 1 2  ” 
6 1  I - 
TC 
- 
= 3600 (Th d ’) (K t  + DKr /d ) / (ns im) ’   (Th rus t   l oad   t o rque ,  
Td = C (Ba l l   separa to r   d rag )  
where 
T = t o r q u e   i n  mg-mm 
B = func t i on   o f   bea r ing   s i ze ,   cu rva tu re   and   ba l l  complement 
N = rpm 
L = l u b r i c a n t  term p r o p o r t i o n a l   t o   ( k i n e m a t i c   v i s c o s i   t y j 3  
Q = e m p i r i c a l   u b r i c a n t   q u a n t i t y   f a c t o r , >  0 . 4  f o r  film l u b r i c a t i o n  
F = r a d i a l   l o a d ,   l b  
D = p i t c h   d i a m e t e r ,   i n .  
f = b a l l   t o   r a c e   o s c u l a t i o n  term, a f u n c t i o n   o f   c u r v a t u r e  
n = n o .   o f   b a l l s  
c‘ = b a l l   d i a m e t e r ,   i n .  
T,, = t h r u s t   l o a d ,   l b  
K t  = ba l   1 - race   oscu la t i on  term, a f u n c t i o n   o f   c u r v a t u r e  and t h r u s t  
Kr = b a l l - r a c e   o s c u l a t i o n  term, a f u n c t i o n   o f   c u r v a t u r e   a n d   r a d i a l   l o a d  
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01 = c o n t a c t  a n g l e  
C = c o n s t a n t  b a l l  s e p a r a t o r  f r i c t i o n ,  e m p i r i c a l l y  d e t e r m i n e d .  
b.;" Journal   Bear inqs"Journa1  bear ings have t h e   a d v a n t a g e   o f   o f f e r i n g  
p r a c t i c a l l y  i n f i n i t e  l i f e  when operated  under   des ign  condi t ions.  However, 
they  consume s l i g h t l y  more  power than   t he   ba l l   bea r ings .  They a l s o   r e q u i r e  
ype o f  o i l  pump t o  c i r c u l a t e  t h e  l u b r i c a n t  and,  when s i z e d  f o r  t h e  
maxi somen! ,um load,  do n o t   a f f o r d  a s u b s t a n t i a l   t o r q u e   r e d u c t i o n  when operated  under 
a l i g h t   l o a d   c o n d i t i o n .   S e v e r a l   j o u r n a l   b e a r i n g s   d e s i g n e d   f o r  a range o f  
r a d i a l   l o a d s   y i e l d e d   t h e   f o l l o w i n g   f o r m u l a :  
I 
P, = ( .0002 + .000026F )N %/8.85 I 2  
P = 4.8F -k 
P 
where 
Pb =-power loss i n  one bear ing ,   wat ts  
F = r a d i a l   l o a d ,   l b  
N = RPM 
," = speed i n   r a d / s e c  
P = pump power, wa t t s  
P 
6. Windaqe Loss Formulas 
The windage loss i n  a s o f t  vacuum i s  d i s c u s s e d  i n  more d e t a i  1 start ing on page ' 
3 -25  of t h i s  r e p o r t ;  f o r  c a l c u l a t i o n  a t  a p r e s s u r e   o f  0.001 rnm Hg o f  helium, 
t h e  f o l l o w i n g  e q u a t i o n  was used: 
P = 0.5297145 X 1 0 " O  Jp R 4 w 2 ' 5  + .4008 X I O m 8  R '  t rU2 ( 1 6 )  
W 
where 
Pw = windage loss, wat ts  
p = pressure, mm Hg 
R = wheel  radius, i n  
, = speed, rad/sec 
t = rim t h i c k n e s s ,   i n  
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7. Housing  and E l e c t r i c   & t o r   W e i g h t s  
Several   a luminum  housing  designs  led to  t h e  f o l l o w i n g  e m p i r i c a l  f o r m u l a :  
(The equat ion  was d e r i v e d  by l o g - l o g  p l o t t i n g  shown i n  F i g u r e  3 - 1 2 . )  
Wh = 0. I4583 R 2  ( I  + t / R )  
where 
Wh = hous ing   we igh t ,   lb  
R = wheel   rad ius,   in .  
t = r i m  th ickness ,   in .  
Aluminum was s e l e c t e d  as t h e  b e s t  m a t e r i a l  f o r  f a b r i c a t i n g  t h e  w h e e l  
h o u s i n g  f o r  t h e  f o l l o w i n g  r e a s o n s .  
I .  I t  i s   s u p e r i o r   t o   s t e e l   i n   w i t h s t a n d i n g   c o l l a p s i n g   e x t e r n a l   l o a d  
because i t s  l ower   dens i t y   pe rm i t s  a l a rge r   c ross -sec t i ona l   a rea  
t h a n   s t e e l   t o   g i v e  i t  g r e a t e r  e l a s t i c  s t a b i l i t y .  
3 .  It forms more r e a d i l y   t h a n  magnesium.  Otherwise,  magnesium and 
aluminum are about equal. 
4 .  The temperature  of   the  housing will be a t   l e a s t  25OoF under   tha t  
which  aluminum i s  capab le  o f  w i ths tand ing .  
The e l e c t r i c a l  m o t o r  i s  c o n s e r v a t i v e l y  programmed, a l l o w i n g  f o r  35 
percent  power l o s s   f o r   i t s   l o a d .   M o t o r   w e i g h t s   h a v e   b e e n   c a l c u l a t e d   f o r  
momentum wheel   dr ives,   cover ing  the  range  o f   the  parametr ic   s tudy,   and  are 
expressed i n  t h e  f o l l o w i n g  e m p e r i c a l  e q u a t i o n .  
W = 2.389 + .0000463H 
m ( 1 8 )  
where 
Wm = motor   weight ,   lb  
H = angular  mmentum,in.-lb-sec 
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Figure 3-12. Flywheel Housing Weight 
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CRITICAL SPEED ANALYSIS 
I n t r o d u c t i o n  
An a n a l y s i s  was per formed on t 'he f ina l  design u n i t  (lOd0 f t - l b - s c c  
angu lar  momentum) t o  d e t e r m i n e  t h e  c r i t l c a l  speed c h a r a c t e r l s t f c ,  of t h e  ro- 
t a t i n g  assembly.   A lso,   the  shaf t   def lect . ions  and  beat ing lord, a t  t h e  opcr- 
a t  i n g  speeds  were  determined. An I B M  7074 computer pro#Prm WIB used to make 
t h e  c a l c u l a t i o n s  r e q u i r e d  f o r  t h e  a n a l y s i s .  
For a r o t a t i n g  assembly o f  t h e  t y p e  c o h s i d e r e d  i n  t h i s  Btudy, t h e  c r i t i c a l  
speeds t h a t  must  be i n v e s t i g a t e d  a r e  those ab9ac la ted  wl th  the l a t e r a t  v i -  
b r a t i o n  o f  the  wheelshaft   system. A c r i t i c a l  speed ir oharrc tar i rcd by 
a m p l i f i e d  l a t e r a l  v i b r a t l o n s  o f  t h e  ro ta t ing  assembly  recompdn ied  by  h igh  
bear ing   loads .  The a m p l i f i e d   m o t i o n  i s  t h e   r e s u l t a n t  o f  a resohaf l t   condi t iern 
which occurs when the  f requency  o f  the  whee lahaf t  ro ta t ing  ( Inbe lance co inc ldcs  
w i t h  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  e l a s t i c  s y s t e m - - t h e  e l r s t l c  s y s t e m  C e t l s i s t -  
i n g  o f  t h e  f l y w h e e l ,  s h a f t ,  b e a r i n g s ,  and beartng  moUtI ts.(Plguhs 4-1, 4-2, and 4 - 3 ) .  
The  most d e s i r a b l e  r o t a t i n g  a s s e m b l y  d e s i g n  o p e r a t e s  a t  a speed wi th  I 
l a r g e  m a r g i n  f r o m  t h e  n e a r e s t  c r i t i c a l  r p c e d  a n d  e n c o u n t e r s  c r i t i c a t s  8 t  t h t  
l owes t   poss ib le  speeds d u r i n g   t h e   s t a r t - u p   p d r l o d .  Cri t icI1 spcdd c h a r a c t e r -  
i s t i c s  can be adjusted to  the above requi rement  by changing the masg-st i f fness 
r e l a t i o n s h i p  o f  t h e  r o t a t l n g  assembly and supports. 
O i s c u s s i o n  o f  R e s u l t s  
A n a l y s i s  shows t h a t  f o r  t h e  s h a f t  s u p p o r t  s t i f f n e s s  and speed  ranges 
considered,   there i s  l i t t l e   s h a f t   b e n d i n g   d u r i n g   i a t e r e l   v i b r a t i o n , . e n d ,  
t h e r e f o r e ,  t h e  c r i t i c a l  speeds are  a lmost  en t i re ly  dependent  upon the  re -  
l a t i o n s h i p  o f  t h e  s h a f t  s u p p o r t  s t i f f n e s s  ( e  combinat ion i n  s e r i e s  o f  t h e  
b e a r i n g  s t i f f n e s s  and the  bear ing  mount s t i f f n e s s )  t o  t h e  r o t a t i n g  a s s e m b l y  
mass. Figure3-13.shows c r i t i c a l  speed  as a f u n c t f o n  o f  shaf t  s u p p o r t . s t i f f -  
ness as ca l cu la ted   by   t he  I B M  computer  program.  The  values o f  s u p p o r t  s t i f f -  
ness considered range from those values representat ive o f  r e s i l i e n t y  mounted 
bear ings (l0,OOO t o  100,000 l b s / i n . )  t o  t h o s e  r e p r e s e n t a t i v e  o f  r i g i d l y  mount- 
ed  Barden 102H bear ings (200,000 t o  300,000 l b / i n . ) .  The r e s u l t s   s h o k   t h a t  
o n l y  o n e  c r i t i c a l  speed  occurs  below  the  operat ing  speed. The mode shape o f  
t h e  c r i t i c a l  speed i s  shown i n  Figure3-'14. All o t h e r  c r i t i c a l  speeds f o r  t h e  
system occur above 50,000 rpm. 
F ina l   Des iqn  
F o r  t h e  f i n a l  f l y w h e e l  d e s i g n ,  a r e s i l i e n t l y  F u n t e d  b e a r i n g  was chosen 
so tha t   the   bear ing   loads   a t   opera t ing   speed  wou ld   be   low.   Wi th  a b e a r i n g  
s u p p o r t  s t i f f n e s s  o f  a b o u t  30,000 l b / i n . ,  t h e  u n i t  w i  1 1  have t o  pass through 
a c r i t i c a l  a t  a r e l a t i v e l y   l o w  speed o f  6,200 rpm. E x p e r i e n c e   w i t h   r o t a t i n g  
machinery shows t h a t  damping  inherent i n  t h e  s y s t e m  will p r e v e n t , , s h a f t  v i -  
b r a t i o n  and  bear ing  loads from becoming p r o h i b i t i v e  as t h e  u n i t  passes  through 
t h e  c r i t i c a l  speed du r ing   s ta r t -up .   Bear ing   l oads   and   sha f t   de f l ec t i ons  for 
t h e  o p e r a t i n g  speed  range a r e  shown i n  F i g u r e  3-15.. 
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SHAFT SPEED - RPH x IO” 
F igure  3-13. NASA Flywheel Design Critical Speed 
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F i g u r e  3-14 .  C r i t i c a l  Speed Mode Shape 
Figure 3-15. Shaft  Def lec t   ion  
p e s c r i p t i o n  o f  t h e  Computer  Program f o r . C r i t . i c a 1  Speed Ana lys is  
The I B M  program used t o  d e t e r m i n e  t h e  c r i t i c a l  speeds i n  t h e  a n a l y s i s  
c a l c u l a t e s  t h e  s h a f t  w h i r l  a m p l i t u d e s  as f u n c t i o n s  o f  t h e  speed , o f  r o t a t i o n  
w i t h  s p e c i f i e d  b u i l t - i n  u n b a l a n c e .  A search   subrout ine   f inds  ttih c r i t i c a l  
speeds  as  peaks o f  t h e  speed-dependent w h i r l  loads,  and c r i t l c r l  - d e f l k c t i o n s .  
The program p r i n t s  o u t ! s h a f t  d e f l e c t i o n s  a n d  b e a r l n g  l o a d s  as func t ions  of 
s h a f t  speed, as w e l l  as t h e  d i s c r e t e  c r i t i c a l  speeds. 
The program accomiiodates. a large number o f  degrees o f  f r t e d b m  o f  any 
system through the use of  a m a t r i x  f o r m u l a t i o n  o f  Myklestad's method for 
beams. 
The genera l  program' ideal izes the system as a beam con ta in ing  as  many' 
as 30 lumped masses and 60 lumped area moments o f  I n e r t i a .  Each o f  t h e  
mass s t a t i o n s  i s  a l s o  a p o s s i b l e  p o i n t  o f  . s u p p o r t  f o r  t h e  beam. Each. suppor t  
may be f l e x i b l e ,  w i t h  s p e c i f i e d  l i r i e a r  and t o r s i o n a l  s p r i n g  c h a r a c t e r i s t i c s .  
The 30 lumped masses may be entered as input to the program, or the program 
will c a l c u l a t e  them from a s p e c i f i e d  d i s t r i b u t i o n  o f  a n  u n l i m i t e d  number o f  
mass elements. The e l a s t i c   i n f l u e n c e   c o e f f i c i e n t s   o f   t h e   s h a f t   e l e m e n t   b e -  
tween ad jacen t  s ta t i ons  a re  ca l cu la ted  f rom geomet r i c  i npu t  spec i f i ca t i on .  
For t h i s  s t i f f n e s s  c a l c u l a t i o n ,  t h e r e  may be  as many as I O  c y l i n d r i c a l  ele- 
ments of   d i f ferent   d iameters  between  s ta t ions.   There may be  a s p e c i f i e d  
unba lance a t  each o f  t h e  30 s ta t ions .  Both  mass unba lance  and  la t k  o f  
s t r a i g h t n e s s  o f  t h e  s h a f t  may tie accepted. 
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THERMAL  ANALYSIS,  DOUBLE-GIMBALLED GYRO 
To p rec lude  ove rhea t ing  o f  t he  mo to r  o r  bea r ings  du r ing  the  an t i c ipa ted  
opera t ing  l i fe  o f  the  doub le-g imba l led  gyro ,  A iResearch  conducted  a thermal 
a n a l y s i s .  It i s   u n d e r s t o o d   t h a t   t h i s   d e v i c e  will o p e r a t e   i n  a space env i ron-  
ment, o r  a t  l e a s t  i n  a n  e n v i r o n m e n t  where  no  heat may be re jected by normal  
convection  methods. Two modes o f  h e a t  d i s s i p a t i o n  a r e  t h e r e f o r e .  a v a i l m b l e :  
r a d i a t i o n  and  conduction. No mat te r  wh ich  o f  these mode? o f  h e a t  d i s s i p a t i o n  
i s  used, the   tempera ture   o f .   the   sur round ings   i s   impor ian t .  If t h e   h e a t   i s  
t ransferred by conduct ion,  i t  must e v e n t u a l l y  be absorbed by t h e  v e h i c l e  s t r u c -  
t u r e ;  i f  t h e  h e a t  i s  t o  be d i s s i p a t e d  by rad ia t ion ,   the   sur round ings  must 
absorb  the  waste  heat.  Through.out  he  crna!yrls i t  was assutkd that  the  tem- 
p e r a t u r e  o f  t h e  e n t i r e  s u r r o u n d i n g  s t r u c t u r e  w o u l d  be 120°F. 
Other  in fo rmat ion  used in  ana lys is  inc luded the  spec t f tcd  geomet ry  end 
the   spec i f i ed   hea t   l oads .  The h e a t  d i s s i p a t e d  In r a c h  o f  the  two  bear ings 
was taken t o  be 5 . 5  watts .  The maximum heat  load  which  could be a n t i c i p a t e d  
from the motor was t a k e n  t o  be 10.3 watts, which W I s  twlec the motor .loss 
determined  by  computer  analysis. The windage  losses  were  taken t o  be 3.6 
wat ts .  These  windage  losses will be d i s t r i b u t e d   o v e r   t h e   e n t i r e   h o u s i n g  
e l  1 i pso id  su r face  a rea ,  bu t  f o r  t he  pu rpos ts  o f  t he  ana lys i s  It was assumed 
tha t  ha l f  o f  t h i s  hea t  f l owed  th rough  the  mo to r  end  bear ing  and t h e  o t h e r  h a l f  
through  the  bear i 'ng  on  the  opposi te  end o f  t h e   s h e - f t .   t h i s  i s  a conserva t ive  
approach. The geometry  used i n   t h e   a n a l y s i s  was as shown i n   t h e   s u p p l i e d  
drawing. 
It was unders tood tha t  NASA wou ld  p re fe r  hea t  d i ss ipa t i on  by  conduc t ion  
i n t o   t h e   v e h i c l e   s t r u c t u r e .  The f i r s t  s t a g e   i n   t h e   a n a l y s i s  was, there fore ,  
t o  de te rm ine  the  tempera tu res  tha t  wou ld  ex i s t  a t  t he  mo to r  and bear ings  i f  
a l l  the  heat   had  to  be  removed by  conduct ion  .a lone.  Consider  the  path  which 
must  be fo l lowed by heat  conduct ion f rom the motor-bear ing combinat ion to  
reach   t he   veh ic le   s t ruc tu re .  From the   loca l i zed   source   (motor  and  bearings), 
the heat  must  f low through the a luminum el l ipso id shel l  down t o  t h e  f i r s t  
gimbal. The t e m p e r a t u r e   d r o p   e s t i m a t e d   f o r   t h i s   s e c t i o n   o f   t h e   h e a t   p a t h  was 
107°F. The n e x t   o b s t a c l e   i n   t h e   f l o w   o f   h e a t   c o n d u c t   i o n   i s   t h r o u g h   t h e   r o t a t -  
i n g  j o i n t  o f  t h e  g i m b a l .  S i n c e  t h i s  j o i n t  h a s  a very  small  area  and no meta l -  
l u r g i c a l  bond, t h e  t e m p e r a t u r e  d r o p  a c r o s s  t h i s  j o i n t  i s  h i g h .  I f  an a i r  gap 
o f  0 .002 - in .  w id th  i s  assumed, the  tempera ture  drop  across  th is  gap would be 
approx imate ly  I'OOO°F. I f  a c o n v e n t i o n a l   u b r i c a t e d   j o i n t   i s  assumed, where 
t h e  gap i s  f i l l e d  w i t h  a l ub r i can t ,  t h i s  tempera tu re  d rop  dec reases  to  app rox i -  
mate ly  3OO0F. W i t h   t h i s   l a t t e r   c o n d i t i o n ,   t h i s   g i v e s  a to ta l   t empera tu re   d rop  
between the f i r s t  gimbal and the motor-bearing combinat ion o f  a t  l e a s t  400'F. 
Even i f  no f u r t h e r  t e m p e r a t u r e  d r o p  i s  e n c o u n t e r e d  i n  f l o w i n g  f r o m  t h e  f i r s t  
gimbal t o  t h e  second  gimbal  and  then  from  the  second  gimbal  into  the  Structure, 
the temperature of  the motor  and b e a r i n g s  i s  much h i g h e r  t h a n  i s  a l l o w a b l e .  
Conduc t ion  a lone  i s ,  t he re fo re ,  no t  su f f i c i en t  t o  p rov ide  adequa te  coo l i ng  o f  
the motor-bear ing combinat ion.  
The nex t  s tage  in  the  ana lys i s  was t o  i n v e s t i g a t e  t h e  h e a t  d i s s i p a t i o n  
c a p a b i l i t i e s   o f   r a d i a t i o n .   R a d i a t i o n  i s  b a s i c a l l y  a n  a t t r a c t i v e  i d e a  f o r  t h i s  
a p p l i c a t i o n ,  s i n c e  t h e r e  i s  a l a r g e  a r e a  a v a i l a b l e  ( t h e  e n t i r e  c u r v e d  s u r f a c e  
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o f  t h e  e l l i p s o i d ) .  Assuming  an e m i s s i v i t y . o f  0. I ( t yp i ca l  o f  a lum inum p la te )  
f o r  t h i s  e n t i . r e  s u r f a c e  and w i t h  t h e  maximum heat load bei ,ng generated by the 
motor  and bear ings  rad ia t ing  to  12OoF surroundings th,e est imated motor  and 
bear ing   t empera tu re   i s  30OoF. T h i s   v a l u e   i s   s t i l l   s l i g h t l y   h i g h e r   t h a n   r e -  
qu i red ;  however, the  use o f  a h i g h  . e m i s s i v i t y  c o a t i n g  o n  t h e  e l l i p s o i d  s u r -  
face   can   subs tan t ia l l y   reduce  th is   tempera ture .  It is,   therefore,  recommended 
t h a t  t h e  e n t i r e  e l l i p s o i d  s u r f a c e  be p a i n t e d  w i t h  a b lack  pa in t  manufac tured  
by  the  Minnesota  Manufactur ing  and  Min ing Company. T h i s  p a i n t  i s  m a r k e t e d  
under   the  t rade name o f  "Black  Velvet,  Trade Number C I O .  Da ta  ava i l ab le  
f o r  t h i s  c o a t i n g  i n d i c a t e  t h a t  t h e  c o a t i n g  h a s  a n y  e m i s s i v i t y  o f  0.99 through 
t h e   e n t i r e   i n f r a r e d   r a d i a t i o n   s p e c t r u m .   T h i s   c o a t i n g   h a s  been w i d e l y  used i n  
the space industry and  no t r o u b l e s  have  been  encountered due t o  h i g h  vacuum 
o r   h igh   t empera tu re .  The p a i n t  e x h i b i t s  no t e n d e n c i e s  t o  o u t g a s  o r  t o  f l a k e  
under  normal  space  environmental   condi t ions.   This  coat ing has, t he re fo re ,  
n o t  o n l y  t h e  r e q u i r e d  t h e r m a l  c a p a b i l i t i e s ,  b u t  i s  h i g h l y  s u i t e d  f o r  t h e  space 
t y p e  o f  a p p l i c a t i o n s .  W i t h  t h e  e n t i r e  e l l i p s o i d  s u r f a c e  p a i n t e d  w i t h  t h i s  
b lack   pa in t ,   t he   es t ima ted  maximum motor   temperature  is  16OoF. I f  the   p re -  
v ious ly  ment ioned lower  motor  heat  load  is  used (5 .15  wat ts ) ,  the  es t imated  
maximum temperature will be 15OoF. On t h e   o p p o s i t e   s i d e   o f   t h e   e l l i p s o i d  
(onlg bear ing and windage losses) the est imated maximum bear ing temperature i s  
134 F. 
From t h e  a n a l y s i s ,  r a d i a t i o n  i s  s u p e r i o r  t o  c o n d u c t i o n  i n  d i s s i p a t i n g  t h e  
heat  f rom  th is  device.   Conduct ion  a lone  is  not   adequate  ' to  meintain  the  de- 
s i red   tempera tures   in   the   motor   and  bear ings .   Rad ia t ion   f rom an un t rea ted  
s u r f a c e  o f  t h e  e l l i p s o i d  i s  a l s o  i n a d e q u a t e  t o  m a i n t a i n  t h e  r e q u i r e d  t e m p e r a -  
t u r e s ;  however, i t  does mainta in   temperatures much lower  than  those  obtained 
by  conduction  alone. I f  the  recommended c o a t i n g   i s   u t i l i z e d ,  no d i f f i c u l t y  
will be encountered   in   ma in ta in ing   tempera tures   we l l   be low  those  requ i red  
t h r o u g h o u t   a l l   a n t i c i p a t e d   o p e r a t i n g   c o n d i t i o n s .  Where t h i s   c o a t i n g  i s  u t i -  
l i z e d ,  t h e  e f f e c t  o f  c o n d u c t i o n  o n  o v e r a l l  h e a t  d i s s i p a t i o n  will be complete1 
n e g l   i g i b l e .  
Y 
To determine the heat f low from the motor-bear ing combinat ion by conduct-  
ion ,  on ly  the  bas ic  conductor  equat ion  is  requ i red  
Q = K A A T  
L 
where Q = Heat  f low,  Btu per  min 
K = Thermal conduct iv i ty ,   Btu  per   min f t 2 / ' F / f t  
A = Cross-sec t iona l   a rea  o f  f low  path,  f t2  
L = Length o f   l o w   p a t h ,  f t  
AT = Temperature  d i f ference,  OF 
F o r  m o t o r - b e a r i n g  t o  f i r s t  g i m b a l ,  a two-d imensional   heat   conduct ion  analys is  
i s  r e q u i r e d ;  however, f o r  t he  pu rpose  o f  the  present  ana lys is ,  a s imp le r  
approach was used. A f l o w  p a t h  w i d t h  o f  8 in.  was assumed  and a p p l i e d  t o  t h e  
above  quation. The i n a c c u r a c i e s   i n   t h i s   m e t h o d   a r e   s l i g h t ,   p a r t i c u l a r l y   i n  
v i e w  o f  t h e  f a c t  t h a t  t h e  m a i n  l o s s  i s  a c r o s s  t h e  r o t a t i n g  j o i n t  o f  t h e  g i m b a l .  
The l o s s  i n  t h i s  j o i n t  was c a l c u l a t e d  f o r  b o t h  an a i r  gap  and  a l u b r i c a t e d  
j o in t  us ing  the  above  equa t ion .  
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For  rad ia t i on ,  t he  ma in  re la t i onsh ip  used  was: 
Q = u C TIf A (TR4 - TS4) 
where u = Stephan-Boltzmann  Constant (0 .1712 x IO-*) Bt.u2/hr f t f  OR' 
= Emiss iv i ty ,   d imens ion less  
TIf = Rad ia t i ve   f i n   e f fec t i veness ,   d imens ion less  
A = Rad ia t i ve   a rea ,  f t2  
TR = Bearing-motor  temperature, O R  
TS = Surroundings  temperature,  O R  
T h i s  assumes b l a c k  body c h a r a c t e r i s t i c s  f o r  t h e  s u r r o u n d i n g s  a n d  a v iew fac to r  
o f  1.0 from r a d i a t i v e   s u r f a c e  to  surroundings. I n  o r d e r  to c a l c u l a t e  
r a d i a t i v e  f i n  e f f e c t i v e n e s s  t h e  r e l a t i o n s h i p  o f  B a r t a s  and Selbis* and of 
Mackay" were used. 
*J. G .  Bartas  and W. H. Se lb is   "Rad ia t ion   F in   E f fec t i veness"   T rans  ASME, 
Journa l   o f   Heat   T rans fer ,  82, 73-75, (1960) 
W D .  B. Mackay, "Radiant  Heat  Transfer  f rom  Extended  Surfaces"  presented  in 
1961 t o  I n s t i t u t  F r a n c a i s  des  Combustibles e t  de 1 '  Energ ie 
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STRUCTURAL  ANALYSIS OF  THE HOUSING (INNER GIMBAL RLNQ.) 
For  the  s t ruc tu ra l  ana lys is  the  hous ing  war considered to be thin- 
w a l l e d  e l l i p s o i d a l  s h d l l  o f  r e v o l u t i o n  mclde o f  two  ha'lvcb  connected  through 
a r i g i d  c i r c u l a r  r i n g .  The a c t u a l  she1 t will be s t i f f e n e d  by W t a l  co r ru -  
ga t tons .  The co r ruga t ions  will Improve the. e f f i c i e n c y  OF the StPueture; 
the re fo re ,  t he  fo i  l ow lng  ana lys i s  w i  1 1  tend t o  be conrrrvrtlve, A mlntmum 
t h i c k n e s s  f o r  t h e  she1 1 was determined such that the c o l  I l b h l  hg pressure  of 
t h e   s h e l l   i s   a t   l e a s t  two  atmospheres.  Stresses  and  def icct lonj  in the 
s h e l l  due t o  a 50 f t  l b  gyroscop ic  moment of  the  wheel  were  thrh ehceked. 
The mlnimum th ickness  for the  she1 1 i s  assumed to br the same as t h a t  
requ i red  by  a s p h e r i c a l  s h e l l  w i th  a redius  equal  to the mrrrtmcrth rad ius  of 
c u r v a t u r e   o f   t h e   e l l i p s o i d   o f   r e v o l u t i o n .  The f o l l o w i n g   e x p r e r s l d n  for  the 
buck1 i n g  s t r e s s  was used i n  the analys is  (Referchce I ). 
t &  
'c r I p r a a  t 1 3-r ~ ( I - v  
whe r e  : 
E - modulus o f  e l a s t i c i t y  
r = rad   i us  o f  sphere 
v - P o i s s o n ' s   r a t i o  
t = th ickness  
Us ing   the   p reced ing   re la t ionsh ip ,   the  minimum t h i c k n e s s   r e q u i r e d   t o  
w i t h s t a n d  2 atmospheres o f  ex te rna l  p ressure  was c a l c u l a t e d  t o  be 0.067 i n .  
for  the  proposed  356-T  aluminum  castlng. The actual   th ickncgs  used was 
0.090 In .  
The gyroscop ic  moment produced  by  the  f lywheel will be reac ted  by  the 
s h e l l  a t  the ends o f   t h e   s h a f t .  The s t resses  I n  and t h e   d e f l e c t i o n  of a 
0 . 0 9 0 - i n .   t h i c k   s h e l l  were rough ly   es t imated .   Equat lons   fo r   the  membrane 
s t r e s s e s  i n  a hemisphere due t o  a po in t  load  a t  the  apex  were  used f o r  t h i s  
analys is   (Reference 2 ) .  The s t resses   a re :  
O@ * -u e = - A  n a t  * I + cos@ s i n  8 
w he re  
H = the point  load 
t = th ickness  
a = rad ius  
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6 
P 
The region around the apex where the above cquat ions give Inf  ln i te 
s t resses  was d i s regarded ,   s ince   t h i s   reg ion   i n   t he   ac tu r l   hous ing   cons i s t s  
o f  a r e l a t i v e l y  heavy  boss  that   supports  the  shaft   and  bear ings. An c s t i -  
mate o f  . the  nominal  stresses i n  t h e  s h e l l  was made b y  l e t t i n g  the rad ius 
"a" i n  t h e  s t r e s s  e q u a t i o n s  be e q u a l  t o  t h e  s e m i - m a j o r  a x i s  o f  t h e  e l l  i p s o l d .  
Th is  approx imat ion  g ives  a maximum e f f e c t i v e  s t r e s s ,  d e f i n e d  b y  t h e  Von Hlses 
t h e o r y  o f  combined s t r e s s ,  o f  140 p s i  f o r  t h e  maximum gyroscop ic  moment of 
50 f t  i b .   L o c a l   d i s c o n t i n u i t y   s t r e s s e s   i n   t h e   r e g i o n   o f   t h e   b o s s e s   c o u l d  
be h i g h e r ,  b u t  n o t  p r o h i b i t i v e l y  h i g h .  
An approx ima t ion  o f  t he  de f l ec t i on  o f  t he  sha f t  suppor t i ng  boss i n  
the d i r e c t i o n  o f  t h e  g y r o s c o p i c  l o a d i n g  was  made us ing  the  s t ra in  ene rgy  
approach.  Again, a sphere   w i th  a rad ius  equal   to   the  semi-maj .or   ax is  was 
assumed i n  p l a c e  o f  t h e  a c t u a l  e l l i p s o i d a l  s h e l l ,  and  the  s t resses  def ined 
i n  Reference 2 and s t a t e d  above  were u t i l i z e d .  The c a l c u l a t i o n  g i v e s  a 
d e f l e c t i o n  o f  t h e  apex o f  0.0000446 i n .  
S ince   t he   va lues   rough ly   ca l cu la ted   i n  t h i s  a n a l y s i s  f o r  t h e  s t r e s s e s  
and d e f l e c t i o n  o f  t h e  ,housi.ng a r e  low,  a more r i go rous  and  exac t  ana lys i s  
o f  t h e  u n i t  i s  n o t  r e q u i ' r e d  t o  e n s u r e  r e l i a b i l i t y .  
Ref  e  rences : 
I .  Timoshenko, S . ,  Theory o f   E l a s t i c   S t a b i l i t y ,  1936 
2. Flt 'gge W., Handbook of Engineer ing  Mechanics, 1962 
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DEFLECTION ANALYSISy OUTER-GIMBAL 
F o r  d i m e n s i o n a l  s t a b i l i t y ,  t h i s  r i n g  will be f a b r i c a t e d  f r o m  0.060 i n .  
aluminum  sheet  stock,  forming a rec tangu la r   c ross -sec t i on  1 x 1.5 i n .  o u t s i d e  
dimension. 
0.060 101 ' f  I .5" L 
I+ I "  4 
SECTION A-A 
The s t r u c t u r a l  s t r e n g t h  o f  t h i s  r i n g .  i s  many t imes more than  the  loading 
requ i res .   There fore ,   on i -y   an   approx imate   de f lec t ion   ana lys is  w l 1 1  be per- 
formed t o  es tab l i sh  the  o rde r  o f  magn i tude  o f  de fo rma t ions .  
( I )  Out of   P lane  Loadinq C5-y 
A maximum  moment o f  50 f t - l b  has 
been s p e c i f i e d   f o r   t h e   t o r q u r .  f 
This, moment i.s r e s i s t e d  by  a gyro- 
scop ic  moment o f  t he  f l ywhee l  
through  the  inner  gimbal mount p o i n t s .  The exac t  mechanism o f  
moment a p p l i c a t i o n  has n o t  been d e f i n e d .   F o r   t h i s   a n a l y s i s ,  i t  will 
be  assumed that   each end o f  the  ou ter  g imba l  exer ts  25 f t - l b ,  o r  t h e  
l oad ing  i s  symmetr ical .  Then Ref. I gives a s o l u t i o n   a p p r o x i m a t e l y  
a p p l i c a b l e   t o   t h i s   c a s e :  
25 f t - l b  
R = 14 i n .  
E . =  I O  X I O *  p s i  
I x  = ( 1 . 5 ) '  + ( . 7 2 ) *  + ( . 8 8 ) ( . 1 2 )  
= ,0885 in; ' 
12 
t3 = .017 in.: 
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The t o t a l   r o t a t i o n   o f   t h e   I n n e r  glmb,al  supports i s  26 o r  ,034 In. 
The angu la r  e r ro r  i s  
- 01 7 x 57.3 = .07 deg 
14 
For  ground  test ing,  the weight  of   the  rotor  assembly adds 20 .3  I b  t o  
the  support   load. The we igh t   o f   t he   g lmba l   r l ng   i t se l f   accoun ts  for 
another I .25 I b .  These f igures   lnd lca te   tha t   on   the   g round  the  
d e f l e c t l o n  can be twice the amount c a l c u l a t e d  when under  the  most 
unfavorable  combinat ion  o f   loads.  Whether o r   n o t   t h e s e   d e f l e c t t o n s  
are exces'sive can only be de te rm lned  a f te r  rece lv lng  a more e x p l l c l t  
c o n t r o l   r e q u i r e m e n t   s p e c i f i c a t i o n .  
( 2  In-P 1 ane Load i ng 
The in -p lane  load ing   o f   the   ou ter  
gimbal  occurs when the   sp in   ax is  
o f   t h e   f l y w h e e l  i s  d isp laced  f rom 
I t s  d i rec t i on   no rma l   t o   t he   p lane  
o f   t h e   o u t e r   g i m b a l .  The  maximum 
moment i s  
50 tan 60' = 8 6 . 6  f t - l b  
f o r  a max  imum g imbal angle o f  
60 degrees. Then / 'P 
The coup'les may be r e s o l v e d  i n t o  two equal   and  opposl te  forces P 
a c t l n g  o n  t h e  r i n g  f o r  an approx ima te  de f l ec t l on  ana lys ts .  
The d i a m e t r a l  d e f l e c t i o n  i s ( f r o m  R e f .  2 )  
6 = -  . I 4 9  - PR3 
E 1  
= .0466 
The w e i g h t  o f  t h e  r l n g  i s  
= 2.51 Ib  
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SHAFT DESIGN AND ANALYSIS 
Two major design considerat ions for  the shaf t  are : ( I  adequate be mnd i ng 
s t i f f n e s s  to prevent the occurrence o f  a bending mode o f  v i b r a t i o n  a t  t h e  
opera t i ng  speed, and ( 2 )  adequate strength to t ransmit  bending and t o r s i o n a l  
moments. S i n c e   r e s i l i e n t   b e a r i n g  mounts  have  been recommended fo r   t h i s -des ign ,  
the f i r s t  c r i t i c a l  speed was in ten t iona l l y  lowered by  a l low ing  the  suppor ts  
t o  become f l e x i b l e .  The shaf t  s t i f fness  thus  has l i t t l e  e f f e c t  on  the f i r s t  
c r i t i c a l ;  and the  second c r i t i c a l  was found to  occur  a t  about  75,000 rpm, 
beyond  the  range of i n t e r e s t .  
The requirement of s t r e n g t h  i n  t h i s  case was s a t i s f  i e d  b y  making the 
shaf t  cross-sect ion fo l low approx imate ly  the moment diagram due to a c e n t r a l l y  
appl  led  load  on a simply  supported beam. A s  shown in F igure 4-1, the  shaf t  
has a t o t a l  span of 12 i n .  from center  to  center o f  the  ba l l  bea r  Ings, i t  has 
two hollow c o n i c a l  s e c t i o n s  s t a r t i n g  w i th  a 1.5 in. r a d i u s  a t  t h e  c e n t e r  l i n e  
of the rotor, and tape r ing  o f f  to 0.4 in.  r a d i u s  a t  5 . 0  in. toward  the  bearings. 
The w a i l   t h i c k n e s s   i s  .060 i n .  minimum. Recommended m a t e r i a l   i s  4340 steel ,  
and  the  method of  j o i n i n g  to t h e  r o t o r  i s  by  welding. A t  the  center   o f   the 
shaft,  the  area moment o f  i n e r t i a  is 
I 
- - (34 - 2.88 ' )  - n 64 
For a bending moment o f  1200 i n .  Ib, the maximum s t r e s s  i s  o n l y  
0" - MC = 1200 x I .5 
I .599 = 3,000 p s i  
a t  the  center of span. The stresses will become higher  toward  the  supports 
due to  a more rap id  decrease in  sec t ion  modulus of the shaf t  than the moment, 
u n t i l  t h e  minimum sec t i on  i s  reached. A t  t ha t   po in t ,   t he   l i nea r l y   va ry ing  
moment would have decreased to 
M = - x 1200 = 200 i n .   i b  I 6 
and the  sec t i on  modu lus  i s  
I 
C 
- - 1  - -  
0.4 
- Tl 
64 (0.8' - 0.68') 0.024 I i n  
The bend ing  s t ress  i s  now 
.o = 
0.024 I 2oo = . 8300 ps  i 
which s t i l l  a f f o r d s  a large  marg in of sa fe ty .   Tors iona l   v ib ra t ion  does not 
present  a problem because of the  absence  of t a n g e n t i a l  p e r i o d i c  e x c i t a t i o n .  
The acce le ra t i on   t o rque  also produces  negl ig ib le   s t resses.  The minimum th i ck -  
ness o f  .060 i n .  s e l e c t e d  f o r  f a b r i c a t i o n  and welding purposes, should not be 
reduced al though the stresses are low. 
No fur ther ana lys i s  of the  sha f t  can  be  j us t i f i ed  i n  v iew  of the  low 
.stresses obtained. 
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POWER SUPPLY 
Descr ip t ion of  the Frequency Conver ter  
A block  d iagram  of   the  proposed  system  is  shown i n  F i g u r e  3-16. To keep 
the   motor   to rque  cons tan t ,   the   cur ren t   in to   the   motor   i s   he ld   cons tan t .   Dur ing  
acce le ra t i ' on ,   t h i s   i s   accomp l i shed   by   cu r ren t   f eedback   t o   t he   con t ro l l ed  power 
supply .  
When the  mo to r  i s  ope ra t i ng  f rom a cons tan t  cur ren t  source ,  the  vo l tage 
across  the  motor i s  a f u n c t i o n  of the  motor  speed. The vo l tage   i s ,   t he re fo re ,  
low when the  f requency  is  low. As the  motor   accelerates,   the  vo l tage  across 
i t  increases and the f requency of  the vo l  tage-contro l  led osc i  1 l a to r  inc reases  
p r o p o r t i o n a l l y .  
Dur ing   th is   per iod ,   the  power d i s s i p a t i o n  i n  t h e  c o n v e r t e r  i s  c o n s t a n t  
and wil 1 be h e l d  t o  22 w a t t s .  
The converter package should be mounted to a reasonab le  heat  s ink .  
I f  th i s   i s   no t   ava i l ab le ,   t hen   t he   package  s l z e  will have to  be  Increased 
to  p reven t  ove rhea t ing  du r ing  acce le ra t i on .  
The package weight has  been es t imated as 4 . 7 5  l b .  
When the momentum wheel  reaches  the  desired  operat ing speed, the mode of 
o p e r a t i o n   i s  changed.  For a cons tan t  speed, o n l y  enough current   must  be 
supp l i ed  to the  motor  to  overcome f r i c t i o n  and  windage  losses i n  t h e  wheel 
and  motor  losses. The motor  must  a lso be suppl ied  by a constant  f requency. 
The  mode o f  ope ra t i on ,  t he re fo re ,  changes f rom cons tan t  cu r ren t  t o  
cons tan t  vo I tage and frequency. 
By careful   motor  design,  the  vol tage  chosen will p r o v i d e  u n i t y  power 
f a c t o r   t o   m o t o r .   T h i s  i s  a v e r y   d e s i r a b l e   o p e r a t i n g   p o i n t  because  the  ihverter 
losses due t o  c i r c u l a t i n g  c u r r e n t s  w i  1 1  be kep t   t o  a minimum. We have ca lcu-  
l a t e d  a power d i s s i p a t i o n  o f  two w a t t s  f o r  t h i s  o p e r a t i n g  c o n d i t i o n .  
To c o n t r o l  t h e  power supp ly  vo l tage and. inver te r  opera t ing  f requency ,  the  
o u t p u t  f r e q u e n c y  o f  t h e  i n v e r t e r  i s  compared i n  a f r e q u e n c y  d i s c r i m i n a t o r  t o  
a f requency  s tandard.  When the  output  f requency  approaches  the  f requency b f  
the  frequency  standard, a d-c  vo l tage overr ldes the current  feedback s ignal  
f rom the current  detector  and the vo l tage feedback to  the vo l tage-contro l  led 
o s c i l l a t o r .  The g a i n   o f   t h i s   l o o p  will be g r e a t  enough t o   m a i n t a i n   t h e   d e s i r e d  
momentum wheel  speed t o  0 . 2 5  p e r c e n t  o f  maximum speed f o r  v a r i a t i o n s  i n  b e a r i n g  
load, motor  torque,  and  windage  losses. 
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Figure 3-16. Block D i a g r a m  o f  P r o p o s e d  System 
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NOISE LEVEL 
Two f a c t o r s  i n  t h e  d e s i g n  o f  t h e  momentum wheel  assure a low acoust ic  
n o i s e   l e v e l   i n   i t s   o p e r a t i o n :  ( I )  r e s i l i e n t   m o u n t i n g   o f   t h e   b e a r i n g s   w l t h  
hyd rau l  i c  damp ing  ac t i on ;  ( 2 )  evacuated chamber f o r  t h e  f l y w h e e l  to 
r e v o l v e   i n .  From e x p e r i e n c e   w i t h   t e s t   e q u i p m e n t   r u n n i n g   b e a r i n g s   a t  a 
p ressure  o f  IO-* mm Hg and  less, i t  can  be  expec ted  tha t  t he  no ise  l eve l  o f  
t h e  c o n t r o l  moment g y r o  will b e  b a r e l y  a u d i b l e .  
A component c u r r e n t l y  i n  p r o d u c t i o n  for  submarine  use  that  has  gears  and 
a IO-hp motor  runn ing  a t  23,600 rpm on  two 205H bear ings  has a n o i s e  l e v e l  of  
o n l y  56 d b .   T h i s   l e v e l   I s   l e s s   t h a n   t h a t   o f  a q u l e t   r e a d i n g  room i n  a l i b r a r y .  
T h i s  f a c t  g i v e s  a s s u r a n c e  t h a t  a q u i e t  r u n n i n g  c o n t r o l  moment gyro  can  be 
designed and f a b r i c a t e d .  
MONITORING DEVICES 
No i se Leve 1 
An acous t i c  mon i to r i ng  dev i ce  o f  m ic rophone  t ype  shou ld  be  i ns ta l l ed  i n  
t h e  v i c i n i t y  o f  the   bear ings  as shown i n   F i g u r e s  4-2  and  4-3. Continuous 
m o n i t o r i n g  o f  t h e  n o i s e  l e v e l  t h r o u g h  an e l e c t r o n i c  a m p l i f i e r  c a n  d e t e c t  
f a i l u r e  and s e t  o f f  a warn ing  dev ice  or  cause au tomat ic  shut-down. 
Bear ing Temperature 
Change o f  t h e  b e a r i n g  t e m p e r a t u r e  r e l a t i v e  t o  t h e  a m b i e n t  i s  a good 
i n d i c a t i o n   o f   i n c i p i e n t   f a i l u r e .   E x p e r i e n c e   w i t h   b e a r i n g   t e s t s   h a v e   p r o v e d  
f a i l u r e  i s  i n d i c a t e d  b y  e i t h e r  i n c r e a s e  o r  d e c r e a s e  o f  t h e  t e m p e r a t u r e  
d i f f e r e n t i a l .  A change o f  *25'F a l m o s t   i n v a r i a b l y   i n d i c a t e s   t h a t   t h e   b e a r i n g  
has  encountered a p r o b l e m   t h a t   c a n   l e a d   t o   i t s   d e s t r u c t i o n .   T h i s   f a c t   c a n  
be   used  in  a fa i l u re   warn ing   sys tem.   Th is  method  can p r e d i c t  f a i l u r e  i n  
advance of   the  acoust ic   warn ing  dev ice  where  the  adverse  change  is   tak ing 
p lace   s low ly  such  as a gradual  loss o f   l u b r i c a n t .   I n   t h i s  case, t he   bea r ing  
temperature  drops  s lowly, f i rst ,before i t  exper iences a r a p i d   r i s e .  The 
loca t ion   o f   thermocoup les   fo r   mon i to r ing   bear ing   tempera ture   i s  shown i n  
F igures 4-2 and 4-3. 
MATERIAL COST 
The m a t e r i a l s  c o n s i d e r e d  f o r  u s e  i n  f a b r i c a t i n g  t h e  f l y w h e e l  r e q u i r e  c o s t  
c o n s i d e r a t i o n .   F o r g i n g   m e t a l   m a t e r i a l   c o s t s   a r e   a p p r o x i m a t e l y  as l i s t e d  
be  low: 
4340 Steel, vacuum me1 ted  $0.75 p e r   l b
Maraging Stee 1 10.00 p e r   l b  
T i tan ium 5 .00  pe r  l b  
3 -62 
SECTION 4 
STUDY  RESULTS 
The in fo rma t ion  and d a t a  r e s u l t i n g  f r o m  t h i s  s t u d y  i s  p r e s e n t e d  i n  t h i s  
s e c t i o n  i n  d e t a i l  f o r  s t u d y  and  use  as a b a s i s  for  drawing  conc lus ions and 
making  recommendations fo r  optimum design momentum wheels. 
COWUTER  ESULTS 
The computer  program  provided  informat ion  as shown i n  T a b l e  4-1 w h i c h  i s  a 
photo  copy of  d i g i t a l  computed  values for  a 4340  steel  momentum wheel w i t h  an 
angu lar  momentum o f  1,000 f t - l b - s e c .  The f i r s t  l i n e  of  numbers i n  a h o r i z o n t a l  
l i ne   ac ross   f rom  each   rad ius   i s  for t h e  ' ' s t r e s s  l i m i t e d  d e s i g n " a n d  t h e  n e x t  l i n e  
g i ves   t he   va lues  for the  minimum equ iva len t   we igh t   des ign . "  A t o t a l   o f  218 
such  sheets   o f   d ig i ta l   computer   runs   were  made and ana lyzed  in  th i s  p rog ram.  
The des ign  va lues  o f  momentum wheel  size,  assembly  weight,  wheel speed, 
and t o t a l  power l o s s  r e s u l t i n g  f r o m  t h e  p a r a m e t r i c  s t u d y  f o r  a n g u l a r  momenta 
over  the  range o f  200 t o  2000 f t- lb-sec,  are  presented  in  Table  4-2,  and shown 
i n  g r a p h i c  f o r m  i n  F i g u r e  4 - 8 .  These v a l u e s  a r e  f o r  assembl ies   tha t   have been 
op t im ized  on  the  bas i s  of the  minimum  combined t o t a l  assembly  weight  and  power 
loss, i .e.,  "minimum equ iva len t   we igh t   des ign . "  (The  speed  used  does n o t   t a k e  
i n t o  a c c o u n t  t h e  a v a i l a b i l i t y  o f  4 0 0 - c y c l e  a-c  power  the  use o f  wh ich  wou ld  
r e s u l t  i n  a speed o f  12,000  rpm. For  wheels w i  t h  speeds  near 12,000 rpm, as 
will be shown i n  a l a t e r   c u r v e ,   t h e r e   i s   o n l y  a v e r y   s l i g h t   i n c r e a s e   o f   w e i g h t  
when the  speed i s  changed t o  12,000 rpm.) 
DESCRIPTION - MOMENTUM WHEEL  ASSEMBLY 
The d e s i g n  f o r  a  momentum wheel  assembly f o r  an angular  momentum of  1000 
f t - l b - s e c   i s  shown in   F igu re   4 -1 .  The wheel i s  made of 4340 s t e e l  and t h e   b a l l  
b e a r i n g s   a r e   s i z e  102H. F igu res  4-2  and  4-3 show  how the  bear ings  are  mounted 
i n   r e p l a c e a b l e   c a r t r i d g e s   f o r   e a s e   i n   a n n u a l   m a i n t e n a n c e .  The aluminum  housing 
i s   he rmet i ca l l y   sea led   by   me ta l   t o   me ta l   sca l i ng .   He l i um gas  used i n  assembly, 
i s  e v a c u a t e d  t o  a p r e s s u r e  o f  a t  l e a s t  IO- '  mm-Hg. 
The motor a s  shown i n  d e t a i l  i n  F i g u r e  4-4 i s  a h-pole, 3-phase, permanent 
magnet, synchronous  motor. It i s   a n   a x i a l  gap t y p e   w i t h  a m a g n e t i c   t h r u s t   o f  
about 4 l b s .  It i s  c a p a b l e   o f   d r i v i n g   a t  speeds f a r  i n  excess   o f   t ha t   requ i red  
by  any des ign  speeds s e t  f o r t h  i n  t h i s  r e p o r t .  
WTERIAL SELECTION 
I n f o r m a t i o n  p e r t i n e n t  t o  t h e  s e l e c t i o n  o f  m a t e r i a l  s u i t a b l e  for  the 
f l y w h e e l  i s  shown i n  F i g u r e s  4-5  and  4-6 fo r   t he  two design  approaches  used 
i n   t h i s   a n a l y s i s .   F i g u r e  4-5 i s   f o r   ' ' s t r e s s   l i m i t e d   d e s i g n "   w h e e l s  and  4-6 
i s  f o r  "minimum equ iva len t   we igh t   des ign"   whee ls .   Four   mater ia ls ,  4340 s tee l ,  
maraging  s tee l ,   t i tan ium, and f i b e r g l a s s   a r e  compared.  Flywheel,  housing, 
and t o t a l  assembly  weight  and  power loss are  summed to g i v e  t h e  t o t a l  e q u i v a l e n t  
w e i g h t   a s s o c i a t e d   w i t h   e a c h   m a t e r i a l .   M a t e r i a l   s e l e c t i o n   i s   f a c i l i t a t e d   b y  
use of  these two graphs. 
CHARACTERISTICS 
The i n f l u e n c e   o f   t h e   f l y w h e e l   m a t e r i a l   c h a r a c t e r i s t i c s   i n   r e g a r d s  t o  s i z e  
and  speed i s  shown i n   F i g u r e  4-7. T h i s   i n f o r m a t i o n   i s   u s e f u l   w h e r e  space  and 
a n g u l a r  v e l o c i t y  i s  an impor tan t   cons ide ra t i on .  
POWER LOSS 
Power loss  vs  wheel  speed due to   bear ing   to rque,  windage,  and  motor 
i n e f f i c i e n c y  i s  shown i n  F i g u r e  4-9 f o r  a 4340 steel   wheel   us ing  two 102H 
b a l l   b e a r i n g s .   T h i s   s e t   o f   c u r v e s  shows t h e   i n f l u e n c e   o f  speed  on  each o f  
the  sources  o f  power l oss  z:d g i v e s  a comparison i n  these  losses.  
W i ndaqe 
Fur the r  s tudy  o f  w indage  power l o s s e s  i s  p o s s i b l e  b y  u s e  o f  F i g u r e s  4-10, 
4-11, and 4-12. F igu res  4-10 and 4-11 show t h e   i n f l u e n c e  0.; the  gas p ressu re  
around  the  sp inn ing momentum wheel w i t h  an angu lar  momentum o f  1000 f t - l b - s e c  
and makes  a compar ison  o f   the  windage  losses  for   a i r ,   he l ium,   and  hydrogen.  
Wheels resu l t ing   f rom  the   two  des ign   methods   a re   covered.   F igure  4-12 shows 
the   in f luence  o f   whee l  speed  on  windage  loss f o r  each o f  the   th ree   gasses   a t  
a pressure  o f  13-3 mm-Hg a t  15OC. 
Bearings 
Power l oss  due t o  b e a r i n g  t o r q u e  f o r  t h r e e  s i zes of ba 1 
c o v e r e d   f o r   t h r e e   d i f f e r e n t   l o a d s   i n   F i , g u r e s  4-13,  4-14, and 
1 bear 
4-15. 
i n g s   i s  
The b e a r i n g  s i z e s  u s e d  i n  t h e  s t u d y  a r e  l i s t e d  b e l o w  w i t h  t h e i r  i n s i d e  
and ou ts   i de  d i ameter d imens ions I 
~ ~~.~~ 
Diameter 
~ _ F  "" ~ 
I d e n t  i f  i c a t   i o n  Outs ide  I Bore 
No I 
0.7874 204 H 
(mm ( i n . )  (mm) I I1 . 
, 26 I .0236 I O  0.3937 I OOH 
32 I .2598 15 0.5906 I02H 
42 I .8504 20 
The bear ing   loss ,   in   wat ts ,  vs wheel  speed f o r  each  of   these  bear ings, i s  
Sllown i n  each o f   t h e   t h r e e   f i g u r e s .  The loads   s tud ied   a re  shown as  l i s t e d   b e l o w :  
Load, l bs  
F i g u r e  
No. Th rus t  Rad ia l  
4-13 
20 50 .O 4-14 
20 18.5 
4-15 40 112. 
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MOTOR LOSS 
Motor l o s s  i s  a f u n c t i o n  o f  o t h e r  power loss  load,  such  as  that  caused  by 
bearing  and  windage  drag. A t yp i ca l   cu rve   o f   mo to r   l oss   vs   speed   i s  shown i n  
F igu re  4-9.  T h i s   c u r v e   i s  for  whee ls   w i th  1000 f t - l b - s e c   c a p a c i t y  f o r  va r ious  
o p e r a t i n g  speeds, rang ing  from 10,000 t o  31,000 rpm. 
MOMENTUM  WHEEL CHARACTERISTICS 
The curves shown i n  F i g u r e s  4-16 through 4-19 a r e  v e r y  u s e f u l  i n  t h e  
o p t i m i z a t i o n  s t u d y  f o r  c o m p a r i n g  t h e  two des ign  approaches  s t ress- l imi ted,  
and  minimum equ iva len t  we igh t ,  angu lar  momentum from 200 t o  2000 f t - l b - s e c .  
These f i g u r e s  c o v e r  t h e  f o l l o w i n g  d e s i g n s :  
Bearings 
F i g u r e  
No. M a t e r i a l  Type Qty  . - S i ze 
4- I6  4340 Stee 1 Bal 1 2 15 rnm. 
4-1 7 Marag ing   S tee l   B l l 2 15 mm. 
4-1 8 T i   t a n  i urn Bal 1 2 15 mm. 
4-  I9 4340 Stee l   Journa l  2 .25 i n .   d i a  
x .3 i n .   l g .  
I d e n t i f i c a t i o n  
No. 
I02H 
I02H 
I02H 
F i g u r e  4-20 i s  v e r y  c l o s e l y  r e l a t e d  t o  t h e  above  fou r  se ts  o f  cu rves .  
These curves show t h e  e f f e c t  o f  d e s i g n i n g  t h e  w h e e l s  t o  r u n  a t  12,000 rpm. 
The minimum we igh t  des ign  whee ls  a re  p lo t ted  on  the same graph for  compar ison 
purposes. 
SPEED EFFECT ON MOMENTUM WHEEL D E S I G N  
The e f f e c t  of   speed  on  f lywheel  weight,   s ize,   total   assembly  weight,   and 
t o t a l  e q u i v a l e n t  w e i g h t  f o r  w h e e l s  w i t h  an angu lar  momentum o f  1000 f t - l b - s e c  
i s  shown i n  F i g u r e s  4-21 through 4-24. 
These f i g u r e s  c o v e r  b o t h  s t r e s s - l i m i t e d  and  minimum e q u i v a l e n t  w e i g h t  
des igns.  They a.11 use 2-15 mm b a l l   b e a r i n g s .  They a re   d i v ided   up  as t o  
m a t e r i a l  as l i s t e d   b e l o w .  
F i q u r e  No. 
4-2 I 
M a t e r i a l  
4340 Steel  
4-22 Maraging  Steel  
4-23 T i   t a n  i um 
4-24 F i b e r g l a s s  
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... .. 
These cu rves  a re  use fu l  i n  comparing  the  two  design  approaches  as  wel l  as 
, d e t e r m i n i n g   t r a d e - o f f   v a l u e s   r e q u i r e d   t o   s h i f t   h e   o p e r a t i n g  speed. The f l a t n e s s  
of  t h e  t o t a l  a c t u a l  w e i g h t  and equ iva len t  we igh t  curves  . in  . the  minimum  range 
i s  v e r y  i n t e r e s t i n g  and bene f i c ia l  where  a s h i f t  i n  speed from optimum i s  
necessary. 
DIRECT PLOT OF COMPUTER  DATA 
The d i g i t a l  computer  program made l a r g e  amounts of d a t a  a v a i l a b l e  t h a t  
were p r i n t e d   i n   n u m e r i c a l   f o r m  as shown i n   T a b l e  4-1.  All optimum  data  has 
been  t ransc r ibed  in to  the  cu rves  shown i n  F i g u r e s  4-5 through 4-24, however 
some o f  the same computer  tapes  were  selected t o  show these  da ta  i n  g raph ic  
form. These c u r v e s   a r e   u s e f u l   i n   t h a t   t h e y  show t h e  c h a r a c t e r i s t i c  e f f e c t  o f  
the  f !ywheel   rad ius  on  weight ,   s ize,   and  speed.   F igures 4-25 through 4-35 a r e  
c o r r e l a t e d  w i t h  a n g u l a r  momentum, ma te r ia l ,  des ign  method,  and bear ing  type  and 
s i z e  a s  l i s t e d  b e l o w .  
Angular  Bear ing 
No. ( f t - l b - s e c )   M a t e r i a l Met hod  'Type I d e n t i f i c a t i o n  
F i gu r e  Momentum  Des i gn 
4-25 IO00 4340 Stee 1 S t r e s s   L i m i t e d   B a l l  I02H 
4-26 
4-27 
4-28 
4-29 
4-30 
4-3 I 
500  4340 Steel   Min Equ 
000 4340 Steel   Min Equ 
500 4340 Steel   Min Equ 
i v  W t  B a l l  
i v  Wt Bal 1 
i v  W t  B a l l  
00 0 4340 Stee l   S t ress   L imi ted   Journa l  0.25 
I02H 
I02H 
t02H 
in. d i a  
0 . 3  i n .   l g .  
500 Maraging  Steel  Min  Equiv W t  B a l l  I02H 
000 Maraging  Steel   Min Equiv W t  B a l l  I02H 
4-32 I500 Maraging  Steel  Min Equiv W t  B a l l  I02i-i 
4-33 500 T i   t a n i  um Min  Equiv W t  Ba' l l  I02H 
4-34 I 000 T i   t a n  i um Min  Equ v Wt B a l l  I02H 
4-3 5 I500 T i   t an  i um Min Equiv W t  Bal  1 I o m  
The curves shown i n  th i s  sec t i on  can  be  used  as  a ve ry  s t rong  tool for 
des ign ing  whee ls  where  depar tu re  f rom the  op t imum is  des i rab le .  
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7.000 0.980 0.1400 29689.8 51.09  10.15 31.56 7.75 13.76  h6.2t 112.33 53.06 
4.612  0.6589  24290.4 58 .20  11.85  23.86 
74200 0.901 0.1251  28849.7 49.70 
7.17 10.86  75.08 llf..97  41.89
10.40 30.31 13.19 65.13 , 115.02 50.89 
56.61 
7.38 
12.01  22.93 6.75 10.39 71.66 113.72 40.06 
3.909  0.5282  22949.8 55.12 12.20  22.06 
12.67 64.10 112.98 48.89 
1.600 0.767 0.1009  27293.7 47.15  10.97 
6.38 9.95 72.35  113.74 
28.05 
38.39 
3.611 0.4.1.5.1 223.30.1 53.70 1.2.42 21.24 
6.77  12.20  63.15 11-1.19 47.04 
7-000 0.710 0.0910 26573.1 
6.05 
45.97 11.30 
9.55  71.16 101.01 ' 36.84 
27.C2 
20.48 
6.56 11 -75  
5.76 
62.30  107.64  4 .33
9.18 70.08 LJ'i.49 35.42 
-8rP_QQ--_ -0eb5.9. - -0-082? 25!38S-4.. .. . -44.=46-- .-_lL=&+--- 26.06 
51.10  12.95 
6.35 11.34 61.54 105.29 43.75 
8.200 O.bl2  . 747  25230.9  43.81  12.00 6.17 10.96 
19.76 
25.15 
5.50 8.a4 67.09 10'4.19 
69-95  103.13 42.28 
34.10 
~" . - 2.802 - . -. . - . .  . 0,331.5.- ..?0.6c2.4 47.90  13.25  19.08  .27  49.19 10!.06 32.87 
42.81 
13.~2 
12.39  24.28 6.02 10.61 60.23 101.14 40.91 
4.241 0.5890  23602.3 
- " m Q o -  o E a ~ o . .  -ot1~.22 - .  2805-1.2. ... - 5 8 . 3 8  1 o . b ~ - 2 ~ 4 -  _L.L 
3 .343  0 . 4 2 ~ 5  21740.5 52.37 12.67 
3.101 0.3876  211 8.7 
0.400 8.570 0.0679 24604.3 
2.684 0.3195 20129.8 4A.77 13.58 18.43  5.07 8.23 67.38  97.11 31.73 
- - 8.600 "- " 0.532.. .  .- . .0.0&19 . 2 4 0 0 _ ~ 4 .   . - ~ 1 ~ e 7 . .  . .... __ 
2.504 0.2912  19639.0 
12.79 
4 7 - 6 9  
23.47 
13.93 
5.89 
17.82 
10.28 
4.90 
59.69 
7.95 66.65 
9q. 32 
7 '. 32 39.64 30.67 
8.800 0.497 0.0565 23427.2 40.91 
2.340 0.2659 19-1.68.4 4 6 . 6 6  
9.000 0.465 0.0517 22877.0 40.11 
2.190 0,2434 18716.6 45.69 
13.21  22.70  5.78 9.97 57.21  91.65 38.44 
14.30 17.25 4.74 7.69 65.97 
13.64 21.96 
95.67  29.68 
5.69 9.68 58.79 90.12 
14.69 16.70 4.60  7.45 65 .41  91-16  26.75 
37.33 
--."P,ZAO_ . .Pt$3b.-  0.0474, 2234P,I__  -3q.30 1413- 21.26 5 - 0 1  9.41 58.63 9:. 7 1  36.28 
33.52 14.57 
16.17 4.48 7.23 
70 .60  
6 4 - 9 0  
5.55 9.15 
27.88 
59.13 9 S.42 35.30 
9.600 0.305 0 .0401  21342.2 37.79 15.06 19.97 5.49 8.91 
43.04 15.98 
57.88 9 3 - 2 5  
15-20 4.27 6.82 64.06 99.35 26.29 
34.37 
1.708 0.1743  17071.7 
15.56 
42.25 16.45 14.75 4.19 6.63  63.73 d 3.29 25.57 
36.42 16.09 18.78  5.42 8.47 57.54  37.20 ?1.66 
2.054  0.2232  18282. 44.76 
9.400 0.410 0.0436 2 1 ~ 3 4 . ~  
1.814 0.1889 17460.9 
1s. 10 2'. 7a 
-~ .__ . - .L 8 ~ 9 . .  _-o.,z_q_sz_ . ~7 EL&-. 0- __ 43.88 - - 15.53 15.68 4.37 7.02  64.45 3i.51 27.06 
- . 9-eoo- .. 02363  " P*P.?7_E)" 2oe66 .4  37.09 - 19.36 ~- 5.45 R .68 57.68 9 1.18 33.49 
10-000 0.342  0. 342 L0406.0 
?-.b.SP-, .0,165?. . 1644R*-L 
10.200 0.323 0.0317  1996 .9 
41.91  17.00 14.03 4.04 6 - 3 2  63.94 r jY.  33 2 4 - 3 9  
35.79 16.61 18.22 5.39 8.26 57.44 89.31 31.88 
1.567 0.1537 16083.6 41.18  17.50  13.62 3.97 6.16 63.72 a?. 46 23.75 
J.Or_400 - ..0:3!?6. 0,0294 . 1953P-?.- 3 5 4 8  !?-lS__ 17.69 5.37 8.07 57.38 89.51 
1.482  0.1425  157k2.2  40.48 18.02 3.91 6 .oo 53.54 96.67 23.14  13.23 
l0.6CO 0.289  0.0273  19112.A  34.61 17.73 17.18 5.36  7.85 5 7 . 3 d  37.79  30.42
1.503 -. 0--.1.324.-  154.05.. --  .X9!32 18.55 12.85 3.86  5.RS h 3 . 4 1  95.97 22.56 
1.331  0.12 2  15078.0 39.19 
34.C6 18.31  16.69 7.71 57.40 
19.11 
5.35 
12.49 '3.91 
87.15 
5 - 7 0  
29.14 
63-  33 as. 34 22.00 
1.263 0.1148 14759.9 
18.90  16.21 5.34  7.54 51.48 96.58 29.10 
11.200 0.248  0. 2 1  179 9.  
38.60 19.61  12.14 3.77 5.57 h3.30 8.b. 76 21.48 
33.05 19.51  15.75 5 . 3 4  7.38 57.59  d5.07  28.48 
33.03 20.25 
1.142 0.1002  14168.7 37.49 5.31 6 3 - 3 1  83.86 20. k9 
15.31 
20.85 
5.34  
1 1.48 
7.23 57.74 35.63 
3.70 
27.08 
31.13 
10-100 0.274 0.0254  18706.9 
11.000 _" 0,261 "" P.0237- .- 1831?*2-..  -33-%?S 
1.200  0.1072 ~445q.3 ___" " ". - . - " 
11.400 0.236 0.0201 17554.0 32.58 20.13 
1!.91 " 3 . 7 3  5.44 63;31 8r.. 29 20.97 
.11.6pP Si??*,- 0.0!9! "" !7!!9.1__- 32.13 20.76 14.88 5.35  7.08 57.93 95.24 . z r . x  
1.088 0.0938 1 3 8 5 4 . 6  3 6 - 9 7  21.16  11.17  3.67 5 - 1 9  63.47 d5.50 20.02 
TABLE 4- I (Cont) 
0.214 0.0181 1683209  31.71 21 -41  14.47 5.35 6.94 58.16 84.92 26.76 
1.038 0.0879 13567.6 36.49 22.09 10.86 3.64 5.08 63.61 83e.19 19.58 
121000 0.204 0.0170 16485.0 3 1 - 3 1  22107 14.07 5.36 6.80 58 4 2  84 6 4  26.23 
0.991 0.0826 13287.2 36.03  22.73 10.57 3.62 4 - 9 6  63.79 az.94 19.15 
22.200 0.195 0.0160 16144.8 30.93 22.75 13.68 5.36 6.67 59.71 94.42 25.71 
0.947 0.0776 13012.9 35.59 23.39 10.28 3.59 4.86 h4.0 1 92.74 18.73 
* 12-400 0.187 0.0151 15811.9 30.57 23.44 13.31 5.37 6.54 5 9 - 0 4  81 -25  . 25.21 
0.906 0.0731 12744.6 35.17 24.06 LO. 00 3.57 4.75 66 -27  82. 6 0  18.33 
1 2 i  600 0.179  0.0142 1-5485.9 30.23 24.14  12.94 5.37 6.41  59.40 840 13 24.72 
12.800 0.842 J 0.0669 
12669.6 34.44 24.70 9.93 3.65 4.75 64.17 ' 82.50 18.33 
0.0134 15166.3 29.91 24.85 12.59 5.37 6.29 5 0 . 8 0  a4 .05  24.25 
0.0631 12408.2 34.07 25.40 9.66 3.63 4 -65 64.51 92.454 17.94 5
J 13-900 0.165  0.0127  14853.0 29.61 25.58  12,024 5.37 6 -  17 60.23 845m% 23.78 
L 7 7 5  0.0596  12151.8 V' 33.73 26.11 9.40 3.61 4.55 64.88 H2;44q 17.57 
13-200 0.158 0.0120 14545.5 29.33 26.32 11.91 5.37 6 . 0 5  60.68 a 4 . 0 ~  23.33 
0.745 0.0564 1 1 9 0 0 . 3 ~ '  33.41 26.84 9.15 3.60 4.46 h5.28 8 2 . 4 8  17.20 
13i400  0 .152 0.0113 14243.6 29.06 27.08 11.58 5.37 5.93 6 1 - 1 7  d4.06 22.89 
0.716 0.0534 11653.3 33.10 27.58 8.90 3.58 4.37 65.72 8 2 . 5 6  . 1 6 - 8 4  ' 13-800 0 .146 0.0108 13947.0 .28.81 27.84 11-26 5.37 5 e82 6 1 - 6 9  840 14 22.45 
0.689  0.0507  11410.6 32.82  28.34 8.66 3.56 4.28  66.19 a z .  6 9  16.49 
~ a r s o o  0.141 0.0102 13-655.6 28-50 26-62 10.95 5.36 5.71 62.24 84.26 22.02 
0.664 0.0481 11172.2 32.56 29.11 8.42 3.54 4.19 66.70 - 82.85 16.15 
L4.000 0.136 0.0097 19369.1 28.36 29.42 10.65 5.35 5.60 62.82 as. 4 1  21.60 
0.640 0.0457 1-7.8 32.31 29.89 8.20 3.52 4.10 67.23 r35.05 15.81 c- ' 14-200 0.131 0.0092 13087.3 28.17 30.22 10.36 5.33 5.49 63.42 84-60 21.18 
Ln 0.600 0.0422 10869.2 31-76 30.65 8.13 3.60 4.11 67.44 83.28 15.84 
14.100 00.127 0.0088 12810.2 27.98 31.04 10.07 5 - 3 2  5.39 64.05 84.83 20.77 
0.579 0.0402 10639.0 31.55 31.46 7.91 3.58 4.02 68.04 83.55 15.51 
14,600  0. 23 0.0084 12537.4 27.81 31.87 9.79 5.30 5.28 64.71 8S.08 . 20.37 
0,560 0.0384 10412.5 31.36 . 32.28 7.69 3.56 3.94 68.67 83.86 15.18 
14.800 0.119 0.0080 12269.0 27.66 32.71  9.52 5.27 5.18 65.40 25.37 19.96 
0.542 0.0366 10189.6  3 .19 33. I 1  7.48 3.53 3.85 49.34 8k .  20  14. 6 
ISiQOO 0.115 0.0077 12004.9 27 -52 33.57 9.25 5.24 5.07 66.12 95-68 19.57 
0.525 0.0350 9970.2 31.03 33.96 7.27 3.50 3.77 70.03 84.57 ' 14.s5 
15.200 0.111 0.0073 11744.9 27.39 34.43 8.99 5.21 4.97 06.86 66-03 19.17 
0.493 0.0325 9922 5 30.58 34.79 7.21 3.59 3.78 70.40 8 4 . 9 8  14.58 
25.400 0.108 0.0070 11488-9 27.28 35-31 8.74 5. l a  4.87 67.63 P6.41 18.73 
0.479 0.0311 9'686.7 30 . 45  35.66 7.01 3.56 3.70 71.15 a5.41 . 14.26 
15.000 0.105 0 . 0 0 6 . 7  -11237.0 27.18 36.21 8.49 5.14 4.77 68.42 8 b .  81 18.39 - 
0.465 0-0298  9474.3 30.34  36.55 6.81 3.52 3.62 71.92 86 - 8 8  13.95 
1.5.800 0.102  0.0065  10989.1  27.09  37.11  8.25 5. 10 4.67 cj9.24 87.25 18.01 
L 4 3 8 0 2 7 7 4 C Q . L Q  29.94 37.4 1 6.75 3.60 3.62 72.39 96 37 13 -98  
16.900 -0.099  0.0 62  10745 1 27.02 38.03 8.01 5.05 4.57 70.08 87.71 17.63 
0.426  0.0266  9197.9 29.86 38.33 6.56 3.57 3.54 73.22 86.89 ' 13.67 
"l6.200 ~.LC~L-O-~.QP_~O_. 1 osmLO-"-a2~6 -".-~a 7.78 5.00 4.47 70.95 ee. 20 17.25 
0.414  0.0256  8992.4 29.80 39.25 6.37  3.53 3.46 74.08 8 7 - 4 5  13.36 
16.400 0.094  0.0057  10268 8  26.91 39.90 7.55 4.95  4.38  71 84 88.72 16.88 
~ 9 L 9 4 2 . ~ 8 - 8 3  L Z L  2 9.4 5 I 40.16 6.31 3.60 3.47 74.64 88.03 13.39 
~~~ . . ~. .~~ -~ ~ 
26,600 0.092  0.0055 1003 .4  26.874 7.33 4.89 4.28 72.76 89.26 16.50 40.85 
29.41 41.11 6.13 3.56  3.39 75.55 38 63 13.08 0.38t  0.0229  8723.2 
TABLE 4 -  I (Cent ) 
H- 12000.0 IN-Le-SEC ONE MATT - 1.000 L8 
RAOIUS . THICK. T / R  RPM WHEEL HOUSING EEARIMG  YINOAGE MOTOR ACTUAL Y EPUIV. Y LOSS 
12.500  0.183 0-0146 15648.0 30.40 23.79  13.12 5.37 6.47 59.22  84.18 24.96
0.886 0.0709  12612.5 34.98  24.40  9.87  3.56  4.70 64.41  82 54 
30.23  24.14  12.94  5.37 6.41 59.40 : 84.13 
18.13 
0.842 0.0669 12669.6 34.44 24.70 9.93 3.65 4.75 6 4 . u  82.50 18.33 
24.72 
12.700 0.175  0.0138  15325.3 30.07  4.49 12.76 5.37 6.35 59.60 
0.825 0.0649  12538 3  34.25 25.0 9.79 .3.64 4.70 64.33 82-47 18.13 
84.08 24.48 
12.600 0.179 0.0142 15485.9 
12.800 0.172 0.0134  15166.3  29.91 24.85 12.59  5.37  6.29 59.80 84.05  24.25- 25.40 
12.900 O m ;  0.0130  15008.9  29.76 
34.07 0 .808  0.0631 12408.2 
25.22 
9.66 3.63  4.65 64.51  62.4   17.9  J 
12.41  5.3  6.23  84.02 24.01 
0 .  791 0 . 0 6 1 3 1 2 2  79.4 3 3. 90 25.76 9 .53 3.62 4 .60 6 4 9  .6 82. 4 4 4  1 7.75 / d e  w r  
13-000 0.165  0.0127  14853.0 29.61  25.58  12.24  5.37 6-17 60.23  84.01 23-70 
0.775  0.0596  12151.8 33.73  26.1 I 9.40  3.61  4.55 64-88 82.44 11-57: 
0.760  0.0580  12025. 33.56 26.48 9.27 3.60 4.51 65.08 
13-100 0.161 0-0123 14698-5 29.47 21.95 12.07 5.37  6.11 60.45 84.01  23.56 c 
13.200  0.158 0.0120 14545.5  29.33 
82.46  17.38
0.745  0.0 64 11900.3 
11.91  5.37  6.05 60.68 84.02 
33.41 
23.33 
26.84  9.15  3.60  4.46 65.28 82.48 17-20 
29.19  26.70  11.74  5.37  5.99  60.92  84.03  23.11 
0.730  0.0549 11776.2 
29.06 27.08 
3.59  4.41 65.50 82.52 17.02 
11.58  5.37 5.93 61.17 84.06 22.89 
0.716  0.0534 11653.3 33.10 2 7 . 5 8  3.58  4.37  65.72 82 56 
28.93 
8.90
27.46 11.42 
16.84 
0.702 0.0520 11531.4 
5.37 5.88  61.43  84.10  22.67 
32.96  27.96 8.78 3.57  4.32  65 95  62.62  16.67 
26.32
L3.300 .0.155 0.0117  14393.9 " 33.25 27.21  9.02 
I 13.400  0.152 0-0113 14243.6 
4 
13.500 0.149  0111  140 4.7 
Angular 
Momen t um 
f t - l b - s e c  
(HI 
200 
2 50 
300 
350 
4 00 
4 50 
500 
600 
700 
800 
900 
I 000 
I100 
I200 
I 300 
I400 
I 500 
1 600 
I 700 
I 800 
I 900 
2000 
T 
TABLE 4-2 
COMPUTER  SELECTED S I Z E S ,  WEIGHTS AND SPEED OF THE  FLYWHEEL 
MINIMUM EQUIVALENT WEIGHT DESIGN 
Radius 
9.4 
9.85 
10.2 
10.45 
10.8 
I I .o  
11.2 
11.7 
12.0 
12.3 
12.6 
12.9 
13. I 
13.3 
13.6 
13.7 
13.9 
14. I 
14.3 
14.4 
14.6 
14.7 
.Wheel S ize ,   in .  
D ia  
18.8 
19.7 
20.4 
20.9 
21.6 
22.0 
22.4 
23.4 
24.0 
24.6 
25.2 
25.8 
26.2 
26.6 
27.2 
27.4 
27.8 
28.2 
28.6 
28.8 
29.2 
29.4 
(1 1 
R i m  
.957 
.933 
.922 
.927 
.E82 
.E99 
.E88 
.E43 
.E49 
.E43 
.E27 
.791 
.E00 
.779 
.762 
.773 
-764 
.752 
.738 
.750 
.731 
.724 
Conf igura t ion  - Shaped D isc  and R i m  
M a t e r i a l  - 4340 Steel  
Bearings - 2 Ball   Bearings,   Size 102H 
0 
Disc 
. I09 
. I13 
. I18 
. I 24 
. I26 
. I32 
. I37 . 142 
. I 50 
. I 58 
. I63 . 168 . I 75 
.I82 
.I83 . I92 
. I 96 
,200 
,204 
.210 
.213 
.219 
r 
F 1 ywhee 1 
15. I 
16.7 
18.2 
19.7 
20.8 
22.3 
23.4 
25.6 
28.0 
30.2 
32.2 
33.9 
36. I 
37.8 
39.5 
41.6 
43.3 
45.0 
46.6 
48.6 
50.0 
51.6 
Weight,   lb  
Hous i ng 
14.2 
15.5 
16.5 
17.3 
18.4 
19. I 
19.7 
21.4 
22.5 
23.6 
24.7 
25.8 
26.6 
27.3 
28.5 
28.9 
29.7 
30.5 
31.4 
31 .8 
32.6 
33. I 
Assembly 
33.9 
36.8 
39.4 
41.7 
43.9 
46. I 
47.95 
51 .8 
55.4 
58.7 
61.9 
64.7 
67.7 
70.2 
73.2 
75.7 
78.4 
80.9 
83.3 
85.8 
88. I 
90.2 
I 
Speed 
r Pm 
9,368 
9,742 
10,089 
10,446 
IO, 703 
IO, 873 
11,153 
I 1,661 
I 1,862 
I 2,035 
12,279 
12,367 
12,630 
12,575 
12,750 
12,803 
12,852 
12,900 
12,949 
12,994 
13, I44 
I1,410 
Weights  are made up as fo l lows:  
Flywheel - Basic  wheel 
Housing - Complete  Shell 
Assembly - Flywheel,  Housing,  Bearings, 
Shaft,   Motor 
Po we r 
Loss 
Wat ts  
10.0 
IO. 8 
11.4 
12.2 
12.8 
13.2 
13.8 
14.7 
15.4 
16.2 
17.9 
18.2 
19.2 
19.5 
20. I 
20.6 
21.1 
21.6 
21.9 
22.4 
23. I 
16.9. 
H 
ft-lb-sec 
200 
2 50 
300 
3  50 
400 
4  50 
500 
600 
700 
800 
900 
I 000 
I100 
I200 
I 300 
I400 
I 500 
I 600 
I 700 
I800 
I 900 
2 000 
TABLE 4-2 (Cont ) 
Thickness Rat  io 
Disc ( t / R )  R i m  ( A / R )  
c 
.012 
.012 
.012 
,012 
,012 
. 0 1 2  
.012 
.012 
.0125 
.013 
.013 
. O I 3  
.013 
,014 
.014 
.014 
,014 
.014 
.014 
.015 
.015 
.015 
. IO0 
,095 
.090 
.089 
.082 
.082 
,079 
.072 
.071 
.069 
.066 
.063 
.061 
.059 
.056 
.056 
.055 
.053 
.052 
.052 
.050 
.049 
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TEMPERATURE, VJBRATION 
PICKUP "/ 
\ \  METAL TO METAL HERMETIC SEAL 
- ." ~ - 
P A C K E D  WITH 
F i g u r e  4-2. B e a r i n g   C a r t r i d g e   W i t h   O i l i n g  System 
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BEARING THRUST S P R I N G 7 -  \ I I MODIFIES~ DARELET- ~THD-CSELF LOCKING) 
BEARING MOUNTINGJ 
(RESI LI ENT) 
F igure  4 - 3 .  Bearing  Cartridge  (Motor  End) 
Figure 4-4. Motor and Bearing Mounting. 

Figure 4-6 .  Material Selection f o r  the Flywheel 
Q 01 
U ! .- . I 1 
4340 STEEL MARAGING TITANIUM FIERGLASS 
STEEL 
4 
'OI 
F-1336 
F igu re  h - 7 .  Mate r ia l   Se lec t i on  f o r  the  Flywheel 
IO0 ANGULAR MOMENTUM (H) 1000 
FT-LE-SEC. 
2000 
A 4 9 2 2  
F i g u r e  4-8. Computer  Selected  Sizes  and-Weights 
4-17 
SPEED, 1000 RPM 
F i g u r e  4 - 9 .  Poder Loss  v s  Speed 
4-18 
YIHDACE  PWER LOSS VS PRESSIRC 
(FOR STRESS LIHITED DESIGNED WEEL) 
a = 1.0833 FT 1 = 0.01125 TT D = 1556.6 R A D I A W S E C .  
For H I I O 0 0  fT-LB-SEC 
PRESSIRE (&Wig) 
F igure  4-10. Windage  Power Loss vs Pressure ( S t r e s s  Limited  Design) 
WINOAGE POWER LOSS VS PRESSURE 
(FOR H I N I I W  EQUIVALENT  WEIGHT  DESIGN1 
a - 1.0917 t T .  L 0.06333 FT. S 1257.6 RADIANS/SEC For H - loo0 FT-LB-SEE 
IOL 
10 
I 
IO” 
IO‘ 
SPEED (RPM) 
lo5 
F i g u r e  4-12,  Windage  Power Loss vs  Speed  (Minimum Equiva lent  
We i ght  Des i gned Whee 1 ) 
4 -21 
F = 18.5 l b  
Th = 20.0 I b  
IO0 I o3 I O 4  
N(RPM) 
4-22 
I 
F = 50 I b  
T,, = 20 Ib 
IO' 
IO 
E 
Q 
0 
IO" .-
IO0 I o3 1 0 4  
N (RPM) 
I o5 
Figure 4-14. Bearing  Drag - Power Loss vs  Shaft  Speed (Single  Bearing) 
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. -. . . - . "_ ". . . . . . . . _. . _. . , , , , . . . - . .. . . , 
F = 112 Ib 
T,, E 40 Ib 
IO0 
IO 
E 
v 
3 
v) 
v, 
0 
J 
Ez 
W z 
CL 
IO 
IO0 l o3  1 0 '  
N(RPM) 
I os 
F i g u r e  4-15. Bearing  Drag - Loss vs  Shaf t  Speed  (System  Bearing) 
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I00 
Figure 4-16. Momentum 
I,WO 
(HI 
ANGULAR HOMENTW 
FT.-LE. -SEC. 
Wheel Characteristics - 4340 Steel 
IO0 9.4 IO00 I 04 
ANGULAR MOMENTUM 
FT-LB-SEC 
( H I  
F i g u r e  4-17. Momentum Wheel C h a r a c t e r i s t i c s  - Maraging Steel 
bS910 
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IO0 I ,  000 
ANGULAR  MOMENTUM 
(H) 
FT.-LB.-SEC. 
F i g u r e   4 - 1 8 .  Momentum.Whee1 C h a r a c t e r i s t i c s  - T i t a n i u m  
IO0 IO00 
ANGULAR  MOMENTUM 
(H 1 
FT.-Le.-SEC. 
FIGURE 4-19 
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1 00 1000 ANGULAR  MOMENTUM 
( H )  
FT. -LB. -SEC. 
Figure 4-20. Speed E f f e c t  on Momentum Wheel - 4 3 4 0  Stee 1 
4 -29 
SPEED, 1000 RPH 
Figure  4-21.  Speed E f f e c t  on Momentum Wheel - T i t a n i u m  
SPEED, 1000 RPH. IC5928 
F i g u r e  4 - 2 2 .  Speed E f f e c t  on Momentum Wheel - M a r a g i n g   S t e e l  
4 -31 
SPEED, 1000 RPH 
Figure 4 - 2 3 .  Wheel Weight  and  Snze vs Speed 
4-52 
Figure  4-24.  Flywheel O p t i m i z a t i o n  - Fiberglass RimWheel 
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EFFECT OF RADIUS ON 
FLYWHEEL' OPT I N  I ZRT I 6 N  
4340 STEEL. SHRPED DISC.   TU0  lOfH BRGS. H=1000  FT-LB-SEC' 
,PRESSURE=-001 NH HG. THRUST LORD = 20 LBS.  RRDIRL LORD = 19-5 LBS 
(STRESS  LIHITED  UHEELI 
6 
Figure 8-25. E f f e c t  o f  Radius on Flywheel  Optlmlzat  ion - 4340 Steel  
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EFFECT OF RADIUS ON 
FL.YUHEEL ___ OPTINIZRTION 
4340 STEEL. SHRPED DISC.  TUU lOZH BRGSI HZ500  FT-LB-SEC L PRESSURE=.001 N f l  HG. THRUS'T LORD = 20 LBS.  RRDIRL LORD = 
- 
- 
- 
- 
- 
- 
. 4  
18-5 LBS 
Flgure 4-26. Effect o f  Radlus on Flywheel  Optlmlzatlon - 4340 Steel 
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EFFECT OF RADIUS ON 
r-" 
FLYWHEEL .CO_PTIfllZflTlON . , 
4340 STEEL. SHRPED DISC. .TU0  102H  ERGS, H=1000  FT-LE-BEC 
-PRESSURE=-001 HH HG, THRUST  LORD = 20 LESI RRDIRL LORD = 19.5 LBS 
"" "1"- 
I 
.-! 1 
I 
I 
I 
! 
4 
c. . 
RRDIUS. FT. 
Flgure 4-27 .  Effect  of  Radius on Flywheel  Optimization - 4340 Steel  
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c FLYUHEEL OPT I pi I ZRT I ON i 4340 STEEL. SHAPED DISC. TU0  lOZH  ERGSD  Hz1500  FT-LB-SEC "" - -. -- - - - " "" - - - - - - " - PRESSURE=.001 Nfl HGD THRUGT LORD = 20 LBSD RRDIRL LORD = 18.5 LES ( P I I N -  EQUIV- UEIGHTI I I 
RRDIUSI FT- 
Figure 4-28. Flywheel Optimizat ion - 4340 Steel  
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FLYUHEEL OPT I rl I ZRT I ON - 
4340 STEEL. SHRPED DISC. TU0  JOURNRL ERGS RND LUB PUNP - PRESSURE=-ODl NI'I HG,  RRDIRL  LORD = 50 LESS  H = 1000 FT 
(STRESS  LINITED  UHE LI I I 
 
- 1  
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Figure 4-29. Flywheel  Optimization - 4340 Steel 
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FLYWHEEL_CIPTIl'lliZRTION 
flARRGING STEEL,  SHRPED DISC. TUO 10ZH BRGS, Hz500 FT-LB-SEC 
I 
-- PRESSURE=-001 flfl HG, THRUST  LORD = 20 LBSI  RRDIRL  LORD = 18-5 LBS 
I f l I N -  EOUIV-  UEIGHT) I 
RROIUS, FT 
Flgure 4-30. Flywheel Opt 
4-39 
lrnlzation - 4340 Steel 
FLYWHEEL ~ P T I N I Z R T I G N  
HRRRGING  STEEL.  SHRPED DISC. TU0 1OZti BRGSs  H=1000  FT-L6-SEC "" 
-PRESSURE=-001 flfl HGs THRUST LORD = 20 LBS, RfiDIRL LURD = 18-5 LBS 
(NIN.  EQUIV-  UE GHT) I 
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I 
I 
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Figure 4-31.  Flywheel  Optimization - Maraging Steel 
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"" . . . FLYUHEEL OPTINIZAl10N 
1 
HRRRGING STEEL. SHRPED D I S C ,  TU0 lOZH ERGS. H=1500 FT-LB-SEC - PRESSURE=-001 flH HG, THRUST  LORD = 20 LBSI RRDIRL LORD = 19-5  LRS 
CHIN- EQUIV- UEIGHT) 
D 
U I I 
. m 
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I 
t- 
Figure 4-32. Flywheel Optlmization - Maraging Steel 
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FLYMHEEL I Y P T I M I Z R T I U N  
-. -. . " 
DISC. TWO lO2H BRGS. H=S00 FT-LB-SEC I 
HG. THRUST LORD = 20 LBS, RRDIRL LOflO = 19-5 LBS 
(NIN- ECJUIV- UEICHT) 
I 
6 b.9 
I 
1.2 
RFIDIUS, FT. 
8 
Lo cn 
W z 
Y 
U 
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6 
Flgure 4 - 3 3 .  Flywheel  Optimlzation - Tltanlum 
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Figure 4 - 3 4 .  Flywheel Optimization - Titanium 
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r . . , , . . . FLYUHEEL . .. . . - . " OPTINIZRTIbN- I I T R N I U N .  SHRPED DISC, TU0 10ZH BRGS, H=150Q FT-LB-SEC I P R E S S ~ E = . I J O ~  N ~ I  HG, THRUST LURD = 20 LBS, RRDIAL LOAD = 18.5 LBS 
RADIUS, FT.  
Figure 4-35. Flywheel Optlrn1zatlon - Titanium 
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SECTION 5 
D I S C U S S I O N  
OPTIMUM D E S I G N  DESCRIPTION 
Many f a c t o r s  h a d  t o  be cons idered to  de termine the optimum dcatgn value3 
f o r  momentum whee l   assembl ies   w i th in   the   paramet r ic   rahgt  o f  t h t g  study. The 
r e s u l t s  o f  t h e  s t u d y ,  f o r  a l l  c a p a c i t y  wheels, Is represented   by   the  assembly 
shown i n   F i g u r e  4-1. A l t h o u g h   t h i s   d r a w i n g   i s   f o r  a wheel wl th an  angular  
momentum o f  1000 f t - l b -sec ,  i t  shows t h e  b a s i c  shape and des ign  fea tu res  t h r t  
wou ld   be   used  fo r   any   con t ro l  moment gyro   covered  In  t H l s  parametric study. 
S ince the gyroscopic  moment requirement  has been made the same f o r  a l l  
angu lar  momentum capac i t i es   cons ide red  i n  t h i s  s tudy ,   the   bear ings ,   the i r  
d i s tance  apar t ,  and  the  sha f t  s i ze  will be t h e  same f o r  a l l  c a p a c i t y  w h e e l s  
o f   t h i s   s t u d y .   F i g u r e s  4-2  and  4-3 show b e l l  b e a r i n g s  i n  a rep laceab le  car-  
t r i d g e .  The bear ings   a re  shown t o  be packed w i t h  Andok-C chennr l lng  grease.  
To p r o v i d e  f o r  loss o f  o i l  f r o m  t h e  g r e a s e  p a s t  t h e  l a b y r i n t h  seals i n to  the 
coo le r   f l ywhee l  chamber, a p o s i t i v e  o i l i n g  system  has  been  included i n  the  
des lgn   wh ich   i s  shown in   F igu re   4 -3 .  The r a t e   o f   s u p p l y i n g  make up o i l  t o  
b o t h  b e a r i n g s  i s  c o n t r o l l e d  by a solenoid  operated  va lve  which  can  have 
t i m e d   a c t i v a t i o n .  When t h e   s o l e n o i d   v a l v e   i s  open, l u b r l c a t l h g  a l l  Is f o r c e d  
in to   bo th   bea r ing   spaces   t h rough  o i l  ducts   or   passages.  The o i l  i s  f o r c e d  
i n t o   t h e   b e a r i n g s   b y   c e n t r i f u g a l   f o r c e .  Escape o f   o i l   m o l e c u l e s   f r o m   t h e  
b e a r i n g  chamber i s  made d i f f i c u l t  by  use o f  t h e  o i l  s l i n g e r  a n d  t h e  l a b y r i n t h  
s e a l   s u r r o u n d i n g   e a c h   s h a f t   j u s t   i n b o a r d   o f   t h e   b e a t i n g   c a r t r i d g e .   T h i s  
l a b y r i n t h  has a secondary  use  and  that   is   one  o f   act ing  as a j o u r n a l  b e a r i n g  
t o   s u p p o r t   t h e  momentum wheel b e f o r e   t h e   b a l l   b e a r i n g s   a r e   i n s t a l l e d .  The 
t h r u s t  s p r i n g  shown i n  F i g u r e  4 - 3 ,  serves   the   purpose  o f   p rov id ing  a t h r u s t  
l oad   on   t he   bea r ings   t ha t  will ensure  race  contact   under a l l  rad ia l   l oad   con -  
d i t i o n s .  The b e a r i n g   o n   t h e   o i l   r e s e r v o i r  end i s  f l o a t i n g  so the   bear ing  
t h r u s t   l o a d   i s   t r a n s m i t t e d   t o   b o t h   b e a r i n g s .  The bear ing  on  the  motor  end 
has a s l i g h t l y  h i g h e r  t h r u s t  l o a d  due to  magne t i c  pu l l  o f  t he  pe rmanen t  mag- 
ne t   motor .   Detec t ion  o f  i n c i p i e n t   b e a r i n g   f a i l u r e   i s  made through use o f  
t e m p e r a t u r e  a n d  v i b r a t i o n  n o i s e  t r a n s d u c e r s  o r  p i c k u p s  shown i n  b o t h  F i g u r e s  
4-2  and  4-3. 
, The  motor  used t o   d r i v e   t h e  wheel i s  shown i n   F i g u r e  4-4. T h i s   i s  a 
4-pole,  3-phase,  permanent  magnet,  synchronous  motor w i t h  a n  a x i a l  gap arrange-  
ment o f  magnets  and s t a t o r  w i n d i n g s .  S i n c z  t h e  s t a t o r  u s e s  i r o n  o n l y  i n  b a c k  
o f   t he   w ind ings ,  i t  i s   d e s c r i b e d  as t o o t h l e s s .   T h i s   d e s i g n   a f f o r d s   l o w   i r o n  
power loss and  pe rm i t s  h igh  e f f i c i ency  du r ing  the  l ow  load  cond i t i on .  
OPTIMUM DESIGN VALUES 
The opt imum design values for momentum wheel  assemblies i n  t h e  r a n g e  o f  
t h i s  p a r a m e t r i c  s t u d y  a r e  g i v e n  i n  T a b l e  4-2, and shown i n  g r a p h i c  f o r m  i n  
F igu re  4-8.  These va lues  can be  used w i th  the  bas ic  shape,  shown i n  F i g u r e  
2-2, t o  p r o v i d e  t h e  b a s i s  fo r  d imens ion ing  any  capac i ty  wheel.. 
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DESIGN B A S I S  
The whee l  con f igu ra t i on  was based on the minimum equ iva len t  we iqh t  des ign  
which was chosen a f t e r  m a k i n g  c o m p a r i s o n  w i t h  t h e  s t r e s s - l i m i t e d  d e s i g n  i n  
r e g a r d   t o   t o t a l   e q u i v a l e n t   w e i g h t   a n d  speed.  Study o f   F i g u r e s  4-5,  4-6,   4-7,  
and 4-16 showsthe  equivalent  weight,   wi th  power loss t o  be s l i g h t l y  l e s s  o r  
equal when comparing  the minimum e q u i v a l e n t  w e i g h t  d e s i g n  w i t h  t h e  s t r e s s -  
l im i ted   des ign ,   and  the  speed t o  be a lways   subs tan t i a l l y   l ess .   A l so ,   t he  
speed f o r  a f a i r l y  l a r g e  r a n g e  o f  momentum capac i t y  bo th  l ess  and  g rea te r  t han  
1000 f t - l b - s e c ,  i s  approx imate ly  12,000 rpm. Since 12,000 rpm i s  a synchronous 
speed f o r  a 100-cyc le   a -c  power  supply,  there i s  an  advantage i n  a bas i c  des ign  
t h a t  r e q u i r e s  v e r y  l i t t l e  compromise i n  u s i n g  t h i s  speed. 
~ "" 
MATERIAL  SELECTION 
M a t e r i a l  s e l e c t i o n  was  made by  study  of   the  graphs shown i n  F i g u r e s  4-5 
and 4-6 which shows the  th ree  meta ls ,  4340 Steel ,  Maraging Steel ,  and T i tan ium 
t o  be about   equal   f rom  the  s tandpoint   o f   the  to ta l   o f   assembly  wcight   and 
e q u i v a l e n t   w e i g h t   o f  power loss.  F i b e r g l a s s   a f f o r d s  some t o t a l  assembly 
weight  reduct ion advantage over  any of  the meta l  wheels  for  e i ther  the s t ress 
l i m i t e d  o r  minimum equiva lent   weight   des igns,   but   the  power  loss  assoc iated 
w i t h  i t  i s  so h i g h   t h a t  i t  cannot  be  considered as a s u i t a b l e   m a t e r i a l   w h e r e  
power l o s s   i s  a s i g n i f i c a n t   f a c t o r .  
S ince the minimum equivalent  weight  design  method  has  been  chosen,  study 
o f   F i g u r e  4-6 i s   u s e f u l .   T h i s   g r a p h  shows t h e   t d t a l   e q u i v a l e n t   w e i g h t   t o  be 
about  equal   for   both  Maraging  and 4340 Steel   and  not  a g rea t   dea l  more f o r  
T i tan ium.  The s e l e c t i o n   o f   t h e   m e t a l   m u s t   t h e n   t a k e   i n t o   a c c o u n t   o t h e r   f a c t o r s .  
Study o f  F i g u r e s  4-7 and 4-16 th rough 4-18 d i s c l o s e  no s i g n i f i c a n t  a d v a n -  
t a g e  o f  one o f  t h e s e  t h r e e  m e t a l s  o v e r  t h e  o t h e r .  Speeds and  we igh ts   a re   c lose  
t o   t h e  same. T i t a n i u m  has some s l i g h t l y   h i g h e r  speed  isadvantage.  Other 
fac to rs   such  a s  c o s t ,   d u c t i l i t y ,  and f a b r i c a t i o n  were  used t o   s e l e c t  4340 
S t e e l  a s  t h e  m a t e r i a l  f o r  f a b r i c a t i n g  t h e  momentum wheel. 
O f  the   meta l   mater ia ls   cons idered,  4340 Stee l   i s   by   f a r   t he   l eas t   expen-  
s i ve .  It a l s o   a f f o r d s   o t h e r   a d v a n t a g e s   i n  i t s  a b i l i t y  t o  be  worked o r  formed 
w i t h   r e l a t i v e  ease. I t s  d u c t i l i t y  i s  a h i g h l y   d e s i r a b l e   c h a r a c t e r i s t i c   t h a t  
will pe rm i t  p res t ress ing  by  ove rspeed ing  the  wheel d u r i n g  t h e  f a b r i c a t i o n  
process.  
BEARING SELECTLON 
Most o f   t h e   d a t a   p l o t t e d   i n   t h e   s t u d y   r e s u l t s   p r e s e n t e d   i n   S e c t i o n  4 are  
f o r  d e s i g n s  u s i n g  b a l l  b e a r i n g s .  However, many computer  uns  were made f o r  a l l  
f o u r   m a t e r i a l s   w i t h   d e s i g n s   u s i n g   j o u r n a l   b e a r i n g s .   T y p i c a l   r e s u l t s   a r e  
shown i n  F i g u r e  4-19. 
I n  compar ing   the   equ iva len t   we igh t  and o p e r a t i n g  speed fo r   the   two  types  
o f   b e a r i n g s ,   t h e r e   i s  a d e f i n i t e   a d v a n t a g e   i n   u s e   o f   b a l l   b e a r i n g s .  The weight  
advantage  can  be  determined  by  comparing  Figures 4-16 and 4-19. T h i s  shows t h e  
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equ iva len t  we igh t  w i t h  b a l l  b e a r i n g s  t o  be about 9 t o  2 l b  l e s s  t h a n  w i t h  
j o u r n a l  b e a r i n g s  o v e r  t h e  r e s p e c t i v e  a n g u l a r  momentum range o f  200 t o  2000 
f t - l b -sec .   The re   i s  a d e c i d e d   r e d u c t i o n   o f  speed by  use  o f   ba l l   bear ings,  
as much as 5000 rpm. A comparison i n  b e a r i n g  power loss  vs speed, f o r   v a r i o u s  
l o a d s  a n d  t h r e e  d i f f e r e n t  b e a r i n g s  s i z e s  i s  made i n  F i g u r e s  4-13 through 4-15. 
These f i g u r e s  show t h a t  t h e  l a r g e r  s i z e  b e a r i n g s  have a subs tan t i a l   i nc rease  
i n  power loss  and  must  be  avoided  where  they  can  be. 
SPEED SELECTION 
F igu re  4-20 was p l o t t e d  t o  s t u d y  t h e  e f f e c t  o f  u s i n g  12,000 rpm wheel 
speed. It shows t h a t  t h i s  speed  can  be  used over  a wide  range o f  a n g u l a r  
momenta, 500 t o  2000 f t - l b - s e c ,  w i t h  a p e n a l t y  o f  l e s s  t h a n  I l b  a d d i t i o n a l  
equ iva len t  we igh t .  S tudy  o f  F igu res  4-21 ‘ through 4-23 a l s o  shows t h a t  a s h i f t  
i n  speed, a t  optimum,  causes o n l y  s l i g h t  change i n  t o t a l  e q u i v a l e n t  w e i g h t .  
F igu re  4-24 f o r  f i b e r g l a s s  shows i t  t o  be v e r y  s e n s l t i v e  t o  speed. 
PRESSURE AND GAS SELECTION 
F igu res  4-10 and 4-11 show windage  power  loss  vs  pressure  for   the  stress 
l i m i t e d  and  minimum e q u i v a l e n t  d e s i g n s  r e s p e c t i v e l y  f o r  t h r e e  gasses, a i r  
helium,  and  hydrogen. The pressure,   ranging  f rom  atmospher ic down t o  10’’ 
mm Hg, c a u s e s   t h r e e   d i f f e r e n t   f l o w   r e g i o n s   t o  be  encountered. A t  h igher   p res-  
sure,   near  atmospher ic,   there  would  be  turbulent  f low  around  the  wheel   and 
the  power loss  would be i n t o l e r a b l y   h i g h .  It i s  n o t   u n t i l   t h e   p r e s s u r e  i s  
reduced t o  about I O  mm Hg t h a t   h e  power l oss  becomes smal l .  Below 
mm Hg, f r e e  m o l e c u l a r  f l o w  i s  e n c o u n t e r e d  and the  power l oss  becomes q u i t e  
smal l .  
Hydrogen  gas  has  the  least  power  loss;  however i t s  f l a m a b i l  i t y  c h a r a c t e r -  
i s t i c s  must be considered.  Helium  windage  power  loss  can be made small  enough 
advantage  of  dropping  the  wheel  speed.  For a l l  t h r e e  gasses, there  i s  a f a s t  
r e d u c t i o n   i n  power loss  as  wheel  speed i s  reduced. 
. b y   o p e r a t i n g   w i t h  a p r e s s u r e   a t   o r   u n d e r  IO mrn Hg. F igure  4-12 shows the  
R A D I U S  SELECTION 
Figures 4-25 through 4-35 show tha t  the  whee l  rad ius  has  on ly  a s l i g h t  
e f fec t   on   t he   equ iva len t   we igh t   i n   t he   reg ion   o f   op t imum  s i ze .  All the  
e q u i v a l e n t  w e i g h t  a n d  t o t a l  a c t u a l  w e i g h t  c u r v e s  a r e  v e r y  f l a t  w h i c h  will 
permi t   dev ia t ion   f rom  the   op t imum  des ign   w i thout  a l a rge  i nc rease  in  we igh t .  
As can  be  seen  from  Figure 4-8, the  op t imum des ign  whee ls  have rad i i  tha t  vary  
o n l y  f r o m  9.4 t o  15 i n .  ove l -  t he  en t i re  range  o f  angu la r  momenta from 200 t o  
2000 f t - l b - s e c ,   r e s p e c t i v e l y .  
POWER SUPPLY  SELECTION 
The  power r e q u i r e d  t o  a c c e l e r a t e  t h e  f l y w h e e l  t o  f u l l  speed  can  be h e l d  
t o  a minimum  by  use o f  a va r iab le   f requency  power  supply.   This  avoids  the 
i,. l o s t  power tha t   wou ld  be  ncountered b y  s t a r t i n g  w i t h  a f i x e d  f r e q u e n c y .  I n  
i’ s t a r t i n g  w i t h  a frequency o f  400 cps, f o r  example, the  energy  loss  conver ted f 
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i n to  hea t  wou ld  cause  the  tempera tu re  i n  the  mo to r  ro to r  and  f l ywhee l  t o  
r i s e  a t  l e a s t  175OF t o  2OO0F above  the  housing  temperature  s ince  the  h ighly 
po l i shed   f l ywhee l   p rov ides  a poo r   rad ia t i on   su r face .   Sub jec t i ng   t he   mo to r  
and  wheel t o   t h i s   s e v e r e   o p e r a t i o n   s h o u l d  be  avoided. The va r iab le   f requency  
power  supply, i n  a d d i t i o n  t o  r e d u c i n g  t h e  power l o s s  t o  a very  smal l   value, 
allows  the  permanent  magnet  synchronous  motor t o  be s tar ted and brought  up 
t o  speed eas i l y .  
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SECTION 6 
’ CONCLUSIONS 
FEASIBILITY 
The f i e l d   o f   s i n g l e - . . a n d   t w o - g i m b a l   C o n t r o l  Moment Gyros  has  been 
advanced t o  t h e  p o i n t  where f e a s i b i l i t y  has  been e s t a b l i s h e d  f o r  t h e i r  use 
as torque generators and angular momentum s t o r a g e  f o r  manned space vehic les.  
A t o t a l  systems  approach  has  led t o  c r i t e r i a  f o r  d e s i g n  p a r a m e t e r  s e l e c t i o n  
w h i c h  g i v e s  p r a c t i c a l  s i z e s  a n d  w e i g h t s  f o r  d e s i r e d  p e r f o r m a n c e ,  r e 1  i a b i l i t y ,  
and ease o f  ma intenance. 
OPTIMIZATION 
Des ign  parameters  and mater ia l  se lec t ions  have been es tab l i shed fo r  
opt imum control  moment g y r o s  f o r  manned spacec ra f t  con t ro l .  
R o t o r  M a t e r i a l  S e l e c t i o n  
Minimum e q u i v a l e n t  w e i g h t  o f  t h e  a s s e m b l y  i s  o b t a i n e d  when a m a t e r i a l  
w i th  a h i g h  s t r e n g t h - t o - w e i g h t  r a t i o  a n d  h i g h  s p e c i f i c  w e i g h t  i s  u s e d  f o r  t h e  
whee l .   Lower   dens i ty   mater ia ls   such  as   t i tan ium  and  f iberg lass   a re   less  
o p t i m u m  t h a n  s t e e l  i n  s p i t e  o f  t h e i r  h i g h e r  s t r e n g t h  t o  w e i g h t  p r o p e r t i e s .  
F i b e r g l a s s  i s  u n s u i t a b l e  as an angular momentum s to rage  ma te r ia l ,  ma in l y  
because o f  t h e  h i g h e r  speed r e q u i r e d  t o  compensate f o r  i t s  l i g h t  w e i g h t .  
T i tan ium, on the other  hand, along with Maraging Steel  and 4340 Steel ,  can 
be  used i n  t h e  d e s i g n  w i t h  l e s s  t h a n  3 - p e r c e n t  d i s c r e p a n c y  i n  t h e  t o t a l  
equ iva len t  we igh t .  
Size and Speed Cons i d e r a t   i o n s  
Graph ica l  p lo t s  o f  compu te r  resu l t s  wh ich  show equ iva len t  we igh t  vs  
e i t h e r  whee l  rad ius  o r  s p e e d  r e v e a l  t h e  g r a t i f y i n g  f a c t  t h a t  t h e s e  c u r v e s  
r e m a i n  v e r y  f l a t  i n  t h e  n e i g h b o r h o o d  o f  t h e  minimum p o i n t  so t h a t  e s s e n t i a l l y  
t h e  o p t i m u m  d e s i g n  i s  o b t a i n e d  f o r  a range o f  s izes  and  speeds.   Th is   a l lows 
t h e  f i n a l  s i z e  and  speed s e l e c t i o n s  t o  b e  made i n  c o n s i d e r a t i o n  o f  o t h e r  
f a c t o r s ,  w i t h  p r a c t i c a l l y  no p e n a l t y  i n  e q u i v a l e n t  w e i g h t .  
Ro to r  Bear inq  Se lec t i on  
Jou rna l   bea r ings   a re  somewhat less   favorab le   than  ba l l   bear ings   because 
o f  t h e  s m a l l  c o n t r o l  moment s p e c i f i e d  f o r  t h e  d e s i g n  and t h e  more  complicated 
l u b r i c a t i o n  pump design. The b a l l  b e a r i n g s  a r e  s i z e d  f o r  g r o u n d  t e s t i n g  and 
launch loads so t h a t  t h e y  o f f e r  ample margins o f  s a f e t y  f o r  t h e  c o n t r o l  
moment schedu le   in   space  opera t ion .   Opt im iza t ion   o f   the   f l ywhee l   des ign ,  
w h i c h  i s  s e n s i t i v e  t o  bear ing  losses,  does  not make use o f  t h e  l a r g e r  s h o r t -  
dura t ion   loads   wh ich   the   bear ings  can  support,  but i s  based  on  long-t ime 
average expected loads which determine the overal l  power demand o f  t h e  space 
miss ion.  
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The bearing  selection  has  included  consideration  for  replacement  and 
handling  capability,  selectability  from  lot  quantities,  and  feasibility of 
manufacture. 
Reliability 
Each  item  that  makes up the  control  moment  gyro  has  sufficient  inherent 
reliability  to  satisfy  overall  system  requirements  except  possibly  the  low 
power  loss  rotor  bearings.  Although  the  degree  of  confidence in meeting  the 
reliability  goal  for  the  rotor  bearings  and  its  lubrication  scheme is high, 
it needs  to  be  supplemented  by  further  considerations  such as a life  test 
program. 
The continuous  monitor of bearing  performance  detects  deterioration,and 
when  a  prescribed  level  has  been  reached,  the  Control  Moment  Gyro  can  be 
deactivated in sufficient  time  to  allow  bearing  replacement  with  a  minimum 
of  system  overstress  and  reduction f system  reliability. 
Maintainability 
The projected  life of the  rotor  bearings  requires  replacement during the 
total 1 ife of the  Control  Moment  Gyro. In this  regard,  the  rotor  bearings 
are  contained in easily  removable  and  replaceable  standardized  cartridges. 
The CMG design is such  that  easy  access is made  to  each  beari-ng  cartridge 
and  when  replaced,  recal  ibration  is  not  necessary. 
Flexibil ity 
The rotor  and  its  gimbal  design  can  be  used  equally  well  for  single-  or 
double-gimbal  Control  Moment  Gyros. 
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SECTION 7 
RECOMMENDATIONS 
DESIGN  PARAMETERS 
Based on the  results  of  the  study  contained in the  analysis,  the  follow- 
ing recommendations  can  be  made  for  the  design of momentum  wheels  for CMG's 
af 200 to 2000  ft-lb-sec  angular  momentum: 
1 .  The material  for  the  rotor  should  be 4340 vacuum  melted  steel. 
2. The rotor  bearings  should  be  ball  bearings  with "50 tool  steel 
races  and a porous  ball  retainer.  Laminated  phenol ic  is suitable. 
Also  worthy o f  consideration  for a development  test  program i s  a 
composite  material  developed by Westinghouse  Electric  Corporation. 
This material  consists of silver  matrix 70 percent,  Teflon 20 per- 
cent,  and  solid  lubricants 10 percent.  Solid  lubricants  are  of 
such  materials as molybdenum  diselenide  and  tantalum  diselenide. 
(Recommendation of the  composite  material  should  be  made by West- 
inghouse  since  development in this  field is still  being  made). 
3. The housing of the  inner  gimbal  (rotor  housing)  should  be  aluminum 
sheet  formed in a die  to achieve high strength  and  rigidity  with 
low  weight.  Aluminum  high-strength  materials  such as 6061 in T6 
condition  are  suitable. 
4. Housing wall thickness: 
Anqular  Momentum  Size Th ckness, in. 
200 to 450 ft-lb-sec 0.075 
500 to  12 ft-lb-sec 0.090 
1300 to 2000  ft-lb-sec 0.100 
5. A permanent-magnet  synchronous  motor  should  be  used.  It  should  be 
4-pole,  3-phase  and  be  capable of operating  on  220-v  a-c  power. 
6. The speed of the  wheel  can  be  set  at 12,000 rpm and  the  following 
data  applies  to a 4340 Steel  wheel  with  an  angular  momentum  of 1000 
ft-lb-sec. 
Rad  ius 13. I 
Disc  thickness 
At hub 
At 5.568 in. radius 
0.322 in. 
0.161 in. 
Rim  thickness 0.76 in. 
Rotor  weight 33.6 lb 
Housing  weight 26.5 lb 
Total  assembly  weight 65.1 lb 
Power  loss 17.38 watts 
7. A variable-frequency  variable-voltage  power  supply  should  be  used t o  
bring the  rotor  to  speed.  Once up to  full  speed,  the  synchronous 
motor  can  be  switched  to  the  400-cycle  a-c  power  supply  to  avoid  
continuous  power loss of about 2 watts  from  the  power  supply. 
AREAS FOR FURTHER STUDY 
To implement  the  results  of  the  study  contained in this  report,  three 
areas of further  study  are  strongly  recommended.  Since  each is generally 
independent  of  the  other,  all  three  can  be  accomplished  simultaneously.  From 
a  schedule  point  of  view  and  the  need  to  finalize  the  control  portion of the 
complete  vehicle  preliminary  design, it would  be  desirable  to  initiate  each 
study  concurrently  and as soon as possible.  Only in this  fashion  can  maximum 
assurance be  established  for  the  use of Control  Moment  Gyros  as  control  ele- 
ments in manned  space  vehicles, 
Rotor  Bearinqs  and  Lubrication  System  Study 
A bearing  design  study  and  verification  test is required in order  that 
lubricant  demand  rate  be  minimized  and  that  the  bearings  operate in a  stable 
manner  for  reasonable  periods of time in the  event  of  interruption of  the 
lubricant  supply. The  design  and  test of a  suitable  lubrication  system  and 
the  selection of the  optimum  lubricant  need  be  performed.  Means  of  reducing 
the  probability of early  fatigue  failure  must  be  developed  and  proved.  Gyro- 
scopic ball  spin  control  must  be  studied  and a  solution  advanced  which  will 
ensure  that  bearing  operation is within  a  stable  regime. 
Fabrication  and  Test of Control  Moment  Gyro 
In order  to  fully  substantiate  the  findings  of  the  optimization  study 
contained in th.is report, one or more  optimum CMG's  should  be  fabricated  and 
tested. In addition,  the  maintenance  situation  involving  personnel  with  skills 
commensurate  with  those  of  the  vehicle  occupants  can  be  evaluated. 
Torquer  Consideration 
Torquer  methods  for  single-  and  double-gimbal  Control  Moment  Gyros  need 
be  studied in order  that  for  specific  applications,  the  CMG  torquers be of 
the  lowest  weight,  lowest  power  and  have  desired  response  time. A serious 
problem of power  and  weight  exists i f  direct  drive  torquers  greater  than 20
ft-lb  are  used as coupling  between  the  vehicle  and  the CMG. The  use  of  gear 
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t r a i n s  o r  o t h e r  t o r q u e  m u l t i p l i c a t i o n  t e c h n i q u e s  must  be  compared wi th  the  
e-g irnba 1 
1 ing. 
1 CMG's. Gimba,l 
i n t e n t  of r e s o l v  
gimbal  torquers of single-girnba 
CMG's must be s t u d i e d  w i th  the  
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SECTION 8 
RELIABILITY 
RELIABILITY CONSIDERATIONS 
The a p p r o a c h  o u t l i n e d  i n  t h i s  r e p o r t  r e f l e c t s  t h e  c o n t i n u o u s  c o n s i d e r a t i o n  
g i v e n  t o  t h e  o b j e c t i v e  o f  d e s i g n i n g  as s imp le  a wheel as poss ib le ,  cons is ten t  
w i t h  t h e  o b j e c t i v e s  o f  minimum  weight,  power,  and r e l i a b i l i t y  p e n a l t i e s .  T h r e e  
face ts  o f  t he  approach  adop ted  i l l us t ra te  the  fo l l ow ing  e lemen ts  o f  good  design: 
( I )  the   cons iderab le   reduc t ion   in   the   magn i tude  o f   the   rad ia l   oads   impressed 
upon t h e  b e a r i n g s ,  i n  r e l a t i o n  t o  t h e i r  r a t i n g ,  ( 2 )  t h e  p o s i t i v e  b u t  s i m p l e  
method o f  ach iev ing  re1  i ab le  and tho rough ly  adequa te  l ub r i ca t i on  o f  t hese  bear -  
ings,  and (3) t h e  e l i m i n a t i o n  o f  a s p e c i a l  power supp ly  fo r  con t inuous  opera t i on  
o f  t h e  wheel  once  a s t a r t  has  been  achieved  by means o f  t h e  v a r i a b l e  f r e q u e n c y  
power s u p p l y .   S t r u c t u r a l   i n t e g r i t y   a g a i n s t   b u r s t   h a s  been ob ta ined  and o p t i -  
mized  by  methods  described i n  S e c t i o n  3 o f  t h i s  r e p o r t .  
I n  t h e  f i e l d  o f  r e l i a b i l i t y ,  e l e c t r o n i c  d e v i c e s  such as t h e  v a r i a b l e  
f requency power supply  a lways are considered to  be p o t e n t i a l  weak l i nks ,  and 
an i n a b i l i t y  t o  s t a r t  t h e  wheel,  once i n  o r b i t ,  i s  second  on ly  to  a  wheel 
b u r s t   i n   i t s   r e l i a b i l i t y  and mission  success  impl icat ions.   Therefore,  i t  i s  
recommended t h a t  t h i s  power supp ly  be modular ized in to a p u l l - o u t  p l u g - i n  u n i t  
which can be replaced by a second u n i t  c a r r i e d  as  a  back-up spare and which 
r e q u i r e s  no g r e a t  s p e c i a l  i zed a b i  1 i t y  o n  t h e  p a r t  o f  t h e  a s t r o n a u t  t o  remove 
and rep lace .  
RELIABILITY FACTOR 
To e s t a b l i s h  e s t i m a t e d  r e l i a b i l i t y  f a c t o r s  o n  a des ign  tha t  has  not  been 
comp le te l y  de ta i l ed ,  compar i son  w i th  s im i la r  mechanisms o r  components  must  be 
made. On this  basis,  comparison  can  be made w i t h   i n d u c t i o n   m o t o r   d r i v e n   f a n s  
which have a background o f  s u c c e s s f u l  o p e r a t i o n  f o r  many years .  
One example o f  comparable  machinery i s  t h e  T i t a n  I1 fan  wh ich  used  a 
5 2  w a t t  2-phase i n d u c t i o n   m o t o r   r o t a t i n g   a t  a  speed o f  19,500 rpm.  Grease 
packed  bear ings  were  used.   Test ing  wi th  I I  samples over  a 2-year  per iod 
e s t a b l i s h e d  a Mean-Time-Between-Failure  of 60,000 hours. It i s   b e l i e v e d   t h a t  
the  lower  speed o f  12,000  rpm, greater   bear ing  load  marg in,  and b e t t e r  method 
o f  l u b r i c a t i o n  will y i e l d  a MTBF f o r  t h e  wheel d r i v e  m o t o r  o f  some v a l u e  i n  
excess o f  88,000 hours . 
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SECTION 9 
GENERAL DESIGN SPECIFICATION 
The  following  material is a  general  design  specification  that  provides 
data,established  requirements,  and  design  criteria  pertinent to the  develop- 
ment  and  fabrication of the  momentum  wheel.  Preceding  sections  discuss in 
depth the  various  parameters of  design  to  be  developed or optimized. The in-  
formation  included  in  this  specification is outlined  below: 
1.0 GENERAL 4.6 Notice of Tests 
I .I Scope 4.7 Witnessing of Tests 
1.2 Purpose 
1.3 Definitions 
2.0 APPLICABLE  DOCUMENTS 
4.8 Adjustments  and  Repairs 
During  Tests 
4.9 Test in Progress  Data 
4. IO Test  Procedures 
2. I Appl  icabi 1 i ty 4. I I Appl  icable  Procedures 
2.2 Reference Documents for Tests 
3.0 DESIGN  REQUIREMENTS - GENERAL 5.0 DATA  AND  DOCUMENTATION  REQUIREMENTS 
3. I General 
3.2 Performance Criteria 
5. I General 
5.2 Instal  lation  and  Maintenance 
Instructions 
3.3 Selection and  Application of 
Materials,Parts,and  Processes 5.3 Assembly  and  Operating Instructions 
3.4 Non-Specif  ication 
3.5 Interchangeability 
5.4 Drawings 
5.5 Parts Listing 
3.6 Maintainabi 1 i ty 
3.7 Hodular Construction 
5.6 Rep0 rts 
6.0 PREPARATION  FOR  DELIVERY 
4.0 TEST REQUIREMENTS 
6. I General 
4. I Test Program 
4.2 Reliability  Assessment 
4.3 Waiver of Tests 
6.2 Article Packaging 
6.3 Intermediate Packaging 
6.4 Special Instructions 
4.4 Criteria for Success 
4.5 Failures - Analysis  and 6.5 Marking 
Feedback Sys tern 
1.0 GENERAL 
1 . 1  Scope - Th is  document conta ins   the   in fo rmat ion   requ i red   to   p rov ide  
con t ro l  and implementation o f  t h e  d e t a i l  d e s i g n  o f  an Angular Momentum  Wheel 
and i t s  Associated  Control System, f o r  use in   spacecra f t .  
I .2 Purpose - The pr imary  ob jec t ive  o f  the  in fo rmat ion  presented  here in  
i s  t o  assure the proper and maximum d i r e c t i o n  o f  d e s i g n  e f f o r t  i n  a c h i e v i n g  
the deta i l  des ign goals  des i red.  
1.3 D e f i n i t i o n s  - The f o l l o w i n g  l i s t  o f  words  as  used i n  t h i s  document, 
s h a l l  be de f ined as fo l l ows :  
(a)  Contractor - That  agency  which i s  p rocu r ing  the  sub jec t  equipment 
o r  des ign  the reo f  
(b)  Subcontractor - That  agency  which  has  contracted to  per fo rm the  
design and/or manufacture o f  s u b j e c t  equipment 
(c) Subject  equipment - That  equipment  as  defined i n  Paragraph 1 . 1 ,  
namely, the Angular Momentum  Wheel and i t s  Associated Control System 
( d )  A r t i c l e  - Any item, par t ,  component o r  o t h e r  p h y s i c a l  s u b d i v i s i o n  
of  the subject  equipment 
2.0 APPLICABLE DOCUMENTS 
2.1 A p p l i c a b i l i t y  - The f o l l o w i n g  documents sha l l   fo rm a p a r t  o f  t h i s  
s p e c i f i c a t i o n  t o  t h e  e x t e n t  s p e c i f i e d  h e r e i n .  
SPECIFICATION 
M i  1 i t a r y  
MIL-C-9435A 
MIL-1-26600 
MIL-D-70327 
MIL-E-5400 
MIL-P-17555 
MIL-Q-9858 
STANDARDS 
M i  1 i t a r y  
MIL-STD-EO2 
MIL-STD-704 
MIL STD-810 
Chamber, Explosion-Proof  Testing,  dated March 14, 1956 
Interference  Control   Requirements 
Interchangeabi l i ty  Drawing Requirements 
E l e c t r o n i c  Equipment, M i l i t a r y  A i r c r a f t  
Prepara t ion  fo r  De l  i very  
Qual i t y  C o n t r o l  System Requirements 
H igh  Poten t ia l  Tes t ing  
E l e c t r i c  Power, A i r c r a f t  
Environmental  Test  Methods 
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PUBLICATIONS 
NASA - Na t iona l  Ae ronau t i ca l  and  Space A d m i n i s t r a t i o n  
NPC 200-2  Qual i t y  Assu rance   P rov i s ions   f o r  Space Contractors,  
dated Apr i 1 1962 
2.2  Reference  Documents 
M i  1 i t a r y  
MIL-R-27542 Re1 i a b i  1 i t y  Program  Requirements  for  Aerospace 
Systems,  Subsystems,  and  Equipment 
3.0 DESIGN REQUIREMENTS - GENERAL 
3.1  General - S p e c i f i c a t i o n  MIL-E-5400 i s   a p p l i c a b l e   a s  a requirement 
o f  t h i s  document. Where requi rements  o f   MIL-E-5400  and  th is  document  con- 
f l i c t ,  t h e  r e q u i r e m e n t s  o f  t h i s  document sha l l   govern .  
3 .2  Per formance  Cr i ter ia  - The Angular Momentum Wheel s h a l l  meet  he 
fo l  l ow ing  requ i remen ts :  
3.2.1  Anqular Momentum Capaci ty - 1000 k 1.0 f t - l b - s e c  
3.2.2  Torque  Capaci ty 
(a )  Normal maximum - 32 f t - l b  
( b )  Overload - 48 f t - l b  
( c )  Maximum t e s t   o v e r l o a d  - 64 f t - l b  
3.2.3 Speed . .  
(a) Normal maximum - 12,500 rpm 
(b)  Overspeed - 15,500 rpm 
( c )  Maximum limit, no b u r s t  - 21,000 rpm, 
3.2.4  Gimbal A c t i o n  
(a )   Torque  per   ac tua tor  - 32 f t - l b  
( b )   F u l l   t o r q u e   c a p a c i t y   o f   t h e  momentum whee l   sha l l  be t r a n s -  
m i t t a b l e  t h r o u g h  e i t h e r  g i m b a l  a c t u a t o r .  
(c)  Net  power a t   o u p u t   s h a f t  - 0.01 hp 
( d )  Gimbal   assembly   and  ac tua tors   sha l l   be   con ta ined  in  a s p h e r i -  
ca l   d imension  o f   the  d iameter   33.6  in .  
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3.2.5 E l e c t r i c   M o t o r   D r i v e  
(a)  Synchronous  type  motor  shall  be  used. 
(b )  Power f requency - 400 cps 
(c)  A c c e l e r a t i o n   z e r o   t o   f u l l  speed i n  2 hours 
(d )  Minimum  power c a p a b i l i t y  - 100 w a t t s  
(e) D e c e l e r a t e   t o   f u l l   z e r o  speed i n  2 hours 
( f )  B r a k i n g   s h a l l  be  accompl ished  by  using  the  dynamic  character-  
i s t i c s  o f  t h e  m o t o r .  
(9 )   Opera t ion   o f   the   motor   sha l  
(h) Maximum energy   requ i red  fo r  
500 watt -hours 
1 r e q u i r e  no  coo 
a c c e l e r a t i o n  t o  
1 i n g  1 i q u i d s .  
f u l l  speed - 
( 3 )  A t  f u l l  speed  opera t ion ,   the   s teady-s ta te   tempera ture   sha l l  
not exceed looo F above amb i e n t  
( j )  D u r i n g   a c c e l e r a t i o n  and d e c e l e r a t i o n   t h e   t e m p e r a t u r e   r i s e  
shal l  not  exceed I 15OF above  ambient. 
(k)  Maximum tempera ture   in   the   motor   in   an   env i ronment   o f  12OoF 
a t  1/2 strnosphere  shall  not  exceed 40OoF. 
3.2.6 Bearinqs 
(a)  Bear ings  must  be  easi ly  replaced  as a c a r t r i d g e .  
( b )  A l u b r i c a t i n g   s y s t e m   s h a l l  be p rov ided   t o   pe rm i t   con t i nuous  
o p e r a t i o n  for  a t  l e a s t  one  year. 
(c )  The bear ings  and l u b r i c a n t   s h a l l   b e   c a p a b l e   o f   o p e r a t i o n   i n  
a p r e s s u r e  o f  IO-' mm Hg a t  a tempera tu re  o f  16OoF. 
3.2.7 Power Supply 
(a)  The  power s u p p l y   s h a l l   b e   c a p a b l e   o f   a c c e l e r a t i n g   t h e   f l y -  
wheel t o  f u l l  speed w i t h o u t  p r o d u c i n g  a d v e r s e  h e a t i n g  e f f e c t s  
i n  t h e  m o t o r  or  f l ywhee l .  
( b )  It i s   d e s i r a b l e   t h a t   t h e  power  supply  system  be  capable o f  
r e t u r n i n g  a t  l e a s t  60 p e r c e n t  o f  t h e  e n e r g y  o f  t h e  f l y w h e e l  
t o  t h e  m a i n  e l e c t r i c a l  power system dur ing decelerat ion by 
dynamic   b rak ing .   Prov is ion   sha l l   be  made t o  d i s s i p a t e  a l l  
a l l  e l e c t r i c a l  e n e r g y  a s s o c i a t e d  w i t h  t h e  d y n a m i c  b r a k i n g  t h a t  
i s  n o t  r e t u r n e d  t o  t h e  m a i n  power  system. 
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(c) Motors  shall  operate  from  either  direct  or  alternating 
current  source. 
(d) D i rect  current  power  shall  be: 
Regulated 28 f 0.5 volts 
Unregulated 24 to 31 volts 
(e)  Alternating  current  power  shall  be  either 115 volts, 400 cps, 
or 200 volts, 400 cpsp 3 phase, wye connected. 
3.2.8 Physical Characteristics 
(a)  Flywheel  weight  sha 1 1  not exceed 40 1 b o  
(b) Flywheel  assembly,  including  housing,  motor,  bearings,  and 
shaft  weight  shall  not  exceed 70 lb. 
(c)  Flywheel  diameter  shall  not  exceed 24 in. 
(d) The housing  shall be capable of being sealed  to allow  evacu- 
ation  to  a  pressure of IO-' mm Hg. 
(e) S1 ip rings  shall  be  provided in the  gimbal  asembly  to  give 
transmission of power  and  electrical  signals. 
(f) The mass  center  shall  not  exceed 0.0001 in. from  center of 
rotat  ion. 
3 . 3  Selection  and  Application  of  Materials,  Parts  and  Processes - During 
the  design,  development,  and  construction  of  subject  equipment,  the  subcon- 
tractor  shall  investigate  the  suitability of materials,  parts,  and  processes 
to  be  used. The suitability  shall  be  determined by the  intended  use  and  the 
ability  to  satisfy  the  requirements of this  specification. The incorporation 
of suitable  materials,  parts,  and  processes  shall  consider  anticipated  avail- 
abi 1 i ty to  meet  reasonable  product  ion  schedules. 
3.3.1 Nonmaqnetic  Materials - Nonmagnetic  materials  shall  be  used  for 
all parts  of  subject  equipment,  except  where  magnetic  materials  are  essential 
or  unavoidable. 
3.4 Non-specification - Details  of  design  and  construction  other  than 
those  specified  herein  shall  be  at  the  opt  ion of the  subcontractor,  insofar 
as they  do  not  conflict  with  the  content or intent of this  document. 
3.5 Interchanqeability - Articles  manufactured in accordance  with  this 
specification  shall  be  functionally,  physically,  and  structurally  interchange- 
able.  Each  article  shall  be  assigned a  specific  part  number. Any change in 
an  article shall  be  attended  by a  change in Supplier's  part  number  to  identify 
the new  configuration. 
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3.6 Maintainability - This  equipment shall be designed  with the object- 
ive that installation, repair, and servicing  can be accomplished  without 
special tools or handling equipment.  Where special tools  and  equipment  cannot 
be avoided, due  to the uniqueness  of the structure,  then  their  design and 
construction  require  prior  approval  of the Contractor. As an  additional 
object, the equipment shall incorporate  features and packaging  procedures 
which  make  feasible  the  replacement  of  faulty  components  and.subassemblies 
by personnel  of  the lowest possible skill  levels. 
3.6.1 Maintenance  Periods - Scheduled  maintenance  periods  which  require 
the  interruption  of  operation  of  subject  equipment, shall be  no more  frequent 
than one  year  between  scheduled dates. 
3.7 Modular  Construction - Modular  design  concepts shall  be utilized 
wherever  feasible for electronic and mechanical  components  to  provide  for 
ease  of  interchangeability  and  maintainability.  The  electronic  circuitry 
modules shall be "plug-in" for ease  of removal 
3.8 Reliability  Factor - The  entire  system including associated  elect- 
ronics shall have  a re1 iability of (0.99). Redundancy is permissible to 
achieve the re1  iabi 1 ity  goal 
3.9 Test  Point  Accessibility - The  equipment  design shall permit ease 
of accessibility to critical test points  without  interruption o r  impairment 
of equipment  operation.  Critical  test  points may be used  to interrogate 
mechanical as well as  electronic  operations. 
4.0 TEST  REQUIREMENTS 
4.1 Test  Proqram - In general, the  test  programs may be classified  as 
follows: 
(a) Development tests 
(b) Qual  if  icat  ion tests 
(c) Acceptance tests 
4.1.1 Development  Tests - These  tests are  conducted  to  satisfy  the 
following  requirements: 
(a)  Evaluation  of  materials, parts, components, and circu 
determine  their  application  suitability 
(b) Acquisition  of  design and process  information 
(c) To develop  assurance that the  product will successful 
complete  the qual if icat  ion tests 
ts to 
Y 
4.1.1.1 The  tests shall be designed  to identify failure modes, deter- 
mine  effects  of  critical  single and combined  environments,  functional  stresses, 
combinations  of  tolerances, and to determine  design margins: 
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4.1.2 Q u a l i f i c a t i o n  T e s t s  - Q u a l i f i c a t i o n  t e s t s  o f  a p p r o p r i a t e  p a r t s ,  
components,  subassemblies,  and  higher  levels o f  assembly  shal l  be performed 
t o  v e r i f y  t h e  i n h e r e n t  c a p a b i l i t y  o f  t h e  d e s i g n  t o  meet the  performance  and 
env i ronmen ta l  requ i remen ts  s t i pu la ted  i n  Sec t i on  3 of t h i s  document  and the  
app l i cab le   p rocu remen t   spec i f i ca t i on .  The q u a l i f i c a t i o n  t e s t s  s h a l l  be per -  
formed  on  items  produced wi th the same too l i ng  p rocesses  and  under  the same 
cond i t i ons   as   t hose   i n tended   fo r   quan t i t y   p roduc t i on .  The o r d e r  and number 
of  equipment  items t o  be s u b j e c t e d  t o  t h e s e  t e s t s  a r e  d e f i n e d  i n  t h e  p r o c u r e -  
ment s p e c i f i c a t i o n .  
4.  I .3 Acceptance Tests - These t e s t s  s h a l l  be performed (by the Sub- 
con t rac to r  on  a1 1 h a r d w a r e  p r e s e n t e d  f o r  q u a l  i f i c a t i o n  and d e l  i v e r y )  t o  
v e r i f y  t h a t  m a t e r i a l s ,  c o n s t r u c t i o n ,  workmanship,  dimensions,  design,  and 
per fo rmance comply  w i th  the  requ i rements  o f  the  app l icab le  d rawings  and 
s p e c i f i c a t i o n .  S p e c i f i c  t e s t s  t o  be employed will vary  for   each  equipment,  
depending upon the a b i l i t y  o f  a v i l a b l e  methods t o  measure t h e  a c c e p t a b i l i t y  
o f   the  parameters  be ing  evaluated.  Where func t i ona l   t es ts   a lone   canno t   p ro -  
v ide  assu rance  o f  accep tab i l i t y ,  l ow- leve l  env i ronmen ts  such  as v i b r a t i o n ;  
o r   n o n d e s t r u c t i v e   t e s t s   i n c l u d i n g  X-ray, i n f ra red ,   u l t rason ic ,   magna f lux  
o r  o t h e r s ;  may be  employed. S p e c i f i c  t e s t  r e q u i r e m e n t s  a r e  c o n t a i n e d  i n  t h e  
p r o c u r e m e n t   s p e c i f i c a t i o n   f o r  each  item.  Acceptance tes t   p rocedures   sha l l  be 
s u b m i t t e d  t o  t h e  c o n t r a c t o r  f o r  a p p r o v a l  p r i o r  t o  i m p l e m e n t a t i o n .  
4.2 R e l i a b i l i t y  Assessment - A l though each o f  the  de f ined ' tes t  p rograms 
a r e  d e s i g n e d  p r i m a r i l y  t o  p r o v i d e  e n g i n e e r i n g  i n f o r m a t i o n ,  t h e y  a r e  a l s o  
planned t o  make a v a i l a b l e  a maximum p r a c t i c a l  ampunt o f  d e t a i l  for assessment 
o f   r e l i a b i l i t y .  The s u b c o n t r a c t o r   s h a l l   a s s e s s   a c h i e v e d   r e l i a b i l i t y .  Some 
o f  the  methods  employed to  accompl ish  th is  ob jec t ive  may inc lude  (bu t  a re  
no t  1 i m i t e d  t o )  t h e  f o l l o w i n g :  
(a )   Per fo rmance  parameter   var ia t ion   ana lys is  (e.g., p r o b a b i l i t y  
o f  s i g n i f i c a n t  p a r a m e t e r s  r e m a i n i n g  w i t h i n  s p e c i f i e d  l i m i t s  
as a f u n c t i o n  o f  t i m e  and env i  ronmenta l  s t resses)  
( b )   M a r g i n   o f   s a f e t y   e v a l u a t i o n   ( e . g . >   t o t a l   l i f e   r e l i a b i l i t y  
o p e r a t i n g  1 i f e  requ i remen t  , st rength  versus  s t ress ,  e tc .  ) 
(c)   Mean- t ime-between- fa i   lure  a t   most   meaningfu l   conf idence  leve ls  
( d )   A t t r i b u t e   d a t a   e v a l u a t i o n  (e.g.,  number o f   s u c c e s s f u l   t e s t s  
t o t a l   a t t e m p t s )  
4.2.1 Comparat ive  Analysis - A compara t ive   ana lys is   showing  resu l ts  
ob ta ined  by u t i l i z i n g  more than one (or  combinat ions)  o f  the aforement ioned 
methods may a l s o  be presented. 
4.3 Waiver o f  T e s t s  - A p p l i c a b l e  p o r t i o n s  o f  t h e  q u a l i f i c a t i o n  t e s t s  
d e f i n e d  i n  t h e  p r o c u r e m e n t  s p e c i f i c a t i o n  may be waived, a f t e r  c o n t r a c t o r  
approval, i f  t h e  f o l l o w i n g  s u b s t a n t i a t i n g  d a t a  a r e  p r o b i d e d :  
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(a )   Ev idence  o f   equ ipment   compl iance  w i th   the   qua l i f i ca t ion   tes t  
p rog ram requ i remen ts  o r  app l  i cab le  po r t i ons  the reo f  
( b )   S u b s t a n t i a t i n g   d a t a   v e r i f y i n g   t h a t   s i m i l a r   e q u i p m e n t  has 
s u c c e s s f u l l y  p a s s e d  t e s t s  e q u i v a l e n t  t o  o r  more s t r i n g e n t  
than those requ i red  here in  
4.3.1 Test  Waiver  Request - Any t e s t  w a i v e r  i s  c o m p l e t e l y  a t  t h e  d i s -  
c r e t i o n   o f   t h e   c o n t r a c t o r .   E v i d e n c e   t o  be submi t ted   i n   suppor t   o f   reques ts  
f o r  such   wa ive rs   sha l l   i nc lude   t he   f o l l ow ing   i n fo rma t ion :  
(a )   Comple te   descr ip t ion   o f   s im i la r   i tems  inc lud ing   photographs ,  
drawings,  and  performance  data 
(b )   Tes t   repo r t s  and tes t   da ta   desc r ib ing   p rev ious l y   conduc ted  
f u n c t i o n a l  arid e n v i r o n m e n t a l  t e s t s  o n  a c t u a l  o r  s i m i l a r  
equipment  (development  ests  included) 
( c )  A de ta i led   compar ison   be tween  the   p roposed  a r t i c le   and  the  
i t e m  f o r  w h i c h  s i m i l a r i t y  i s  c l a i m e d ,  l i s t i n g  s u f f i c i e n t  
reasons and j u s t i f i c a t i o n  t o  e s t a b l i s h  t h e  v a l i d i t y  o f  t h e  
s i m i l a r i t y  r e q u e s t  
4.4 C r i t e r i a  f o r  Success - Equipment will be considered  as  having 
success fu l l y  comp le ted  the  env i ronmen ta l ,  f unc t i ona l ,  and  l i f e  tes ts  de f i ned  
i n  t h e  p r o c u r e m e n t  s p e c i f i c a t i o n  .when t h e  f o l l o w i n g  s p e c i f i c  c o n d i t i o n s  h a v e  
been s a t i s f i e d .   ( A d d i t i o n a l   c r i t e r i a   f o r   s u c c e s s  may be ob ta ined  f rom  re -  
f e r e n c e d   S p e c i f i c a t i o n  MIL-R-27542. ) 
(a)   Operat ion  throughout  a1 1 t e s t s  s h a l l  be w i t h i n   t h e   t o l e r a n c e  
l i m i t s  s t a t e d  i n  t h e  d e s i g n  r e q u i r e m e n t s  s e c t i o n  o f  t h e  
app l  i cab le  p rocu remen t  spec i f i ca t i on .  
(b )  No d e t e r i o r a t i o n   ( i n t e r n a l   o r   e x t e r n a l )   h a s   o c c u r r e d   w h i c h  
c o u l d  i n  any  manner p revent  the  equ ipment  f rom meet ing  i t s  
f unc t i ona l   requ i remen ts   du r ing   se rv i ce  usage. 
4.5 F a i l u r e s  - A n a l y s i s  and  Feedback  System - The s u b c o n t r a c t o r  o r  
s u p p l i e r  s h a l l  have  a  system f o r  c o l l e c t i n g ,  a n a l y z i n g ,  a n d  r e c o r d i n g  a l l  
f a i l u r e s  and r e l i a b i l i t y  d a t a  such as operat ing t ime,  cyc les,  and var iab les 
da ta  du r ing  those  phases  o f  t he  p rog ram in  wh ich  they  have  p r imary  respons ib i l i t y .  
4.5.1 Fa i l u re   Re 'po r t i nq  - The f a i l u r e   r e p o r t i n g   s y s t e m   s h a l l   p r o v i d e  a 
means b y  w h i c h  e f f e c t i v e  c o r r e c t i v e  a c t i o n  can  be  taken  on a t i m e l y  b a s i s  
t h e r e b y   r e d u c i n g   o r   p r e v e n t i n g   r e c u r r e n c e   o f   t h e   f a i l u r e s .  The subcont rac tor  
o r  s u p p l i e r  s h a l l  r e p o r t  f a i l u r e s  o c c u r r i n g  o n  o p e r a t i n g  e q u i p m e n t  d u r i n g  re -  
ce i v ing   i nspec t i on ,   i n   f i na l   assemb ly   checkou t ,  and dur ing  acceptance  and 
q u a l i f i c a t i o n   t e s t i n g .   Q u a l i t y   d i s c r e p a n c i e s   r e v e a l e d   i n   i m s p e c t i o n   s h a l l   n o t  
be const rued  as  fa i lures.   For   repor t ing  purposes,   an  unscheduled  ad justment  
o t h e r  t h a n  a c a l i b r a t i o n  made dur ing  main tenance sha l l  be d e f i n e d  as  a f a i l u r e .  
C o r r e c t i v e  a c t i o n  i n i t i a t e d  t o  p r e v e n t  r e c u r r e n c e  o f  f a i l u r e s  s h a l l  be pre-  
p a r e d  i n  d e t a i l  a n d  s u b m i t t e d  t o  t h e  C o n t r a c t o r  f o r  c o n c u r r e n c e .  
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4.6 Not i ce  o f  Tes ts  - The c o n t r a c t o r  s h a l l  be adv ised  no t   less   than 
48 hours i n  advance o f  a schedu led   tes t .  No t e s t s  s h a l l  be delayed i f  the 
c o n t r a c t o r ' s  r e p r e s e n t a t i v e  f a i l s  t o  a p p e a r .  
4.7 Wi tness inq  o f  Tes ts  - The c o n t r a c t o r  r e s e r v e s  t h e  r i g h t  t o  w i t n e s s  
any  tes t ,  in  who le  o r  i n  p a r t ,  o r  t o  d e s i g n a t e  w i t n e s s e s  ( i n  a d d i t i o n  t o  t h o s e  
se lec ted  by  the  supp l  i e r )  who have a  "need t o  know" ( c o n s u l t a n t  or  government 
agencies).  
4 . 8  Adjustements  and  Repairs  Dur inq  Tests - A d e c l a r a t i o n  of i n t e n t  t o  
a d j u s t  or  r e p a i r  any item must be made by  the  supp l  i e r  or  s u b c o n t r a c t o r  p r i o r  
to   conduct ing  any  test .   Adjustments,   repai rs ,  or  maintenance  shal l   not   be 
a l l o w e d  d u r i n g  t e s t s  u n l e s s  t h e y  a r e  a par t  o f  scheduled maintenance and pro-  
v i d i n g  such  adjustements,   repairs,   and  maintenance  are  not   the  resul t   of  
f a u l t y  d e s i g n ,  m a t e r i a l s  or  workmanship,  and  have no t  been caused by the test 
cond i t ions imposed. 
4 . 9  Test   in   Proqress   Data  - Copies o f   i n f o r m a t i o n   r e g a r d i n g   t e s t s   i n  
p r o g r e s s  s h a l l  be made a v a i l a b l e ,  i n  a c e n t r a l  l o c a t i o n  a t  t h e  s u b c o n t r a c t o r ' s  
or  s u p p l  i e r ' s  f a c i  1 i t y ,  f o r  r e v i e w  b y  c o n t r a c t o r  p e r s o n n e l  a t  a n y  t i m e .  
4.10 Test  Procedures - D e t a i l e d  t e s t  p r o c e d u r e  d e l i n e a t i n g  t h e  m e t h o d  
and  sequence o f  t e s t s  t o  be performed,  schematics  and  f low  diagrams,  and 
tes t   equ ipmen t   desc r ip t i ons   a re   requ i red  by   the   con t rac tor .  The d e t a i l e d  t e s t  
p r o c e d u r e s  s h a l l  s t a t e  e x a c t l y  how each t e s t  and  each  measurement will be made. 
4.10.1 Specimen I d e n t i f i c a t i o n   F u n c t i o n  - Tes t  specimens s h a l l  be  per- 
m a n e n t l y  i d e n t i f i e d  b y  numbers o r  o t h e r  s y m b o l s  ( i n  a d d i t i o n  t o  p a r t  numbers) 
i n   o r d e r   t o   p e r m i t   i d e n t i f i c a t i o n   o f   i n d i v i d u a l   i t e m s .  Specimens s h a l l  be 
permanently marked "FOR  TEST ONLY". 
4>10.2  Pre-test   Performance  Record - The p e r f o r m a n c e   c h a r a c t e r i s t i c s  o f  
each t e s t  specimen shal l  be measured under  ambient  condi t ions pr ior  to  each 
t e s t  sequence.  Specimens t h a t   f a i l   t h e   p r e - t e s t   c h e c k   s h a l l   n o t  be sub jec ted  
t o  f u r t h e r  t e s t s  u n t i l  c o r r e c t i v e  a c t i o n  i s  a c c o m p l i s h e d  and  formal  approval 
to  proceed has been granted by the contractor .  
4.10.3 Operat ional   Environmental   Tests - Opera t iona l   env i ronmenta l   tes ts  
requ i re  the  equ ipment  to  func t ion  wh i le  be ing  sub jec ted  to  the  env i ronment .  
The equipment  operat ion shal l  be wi th  the input  and output  va lues var ied over  
the  ranges  spec i f ied  by  the  des ign  requi rements.  The  number o f  o p e r a t i n g  
parameters  to  be mon i to red  du r ing  a test  and the performance requirements 
thereo f ,  will be de f ined  in   the   equ ipment   p rocurement   spec i f i ca t ion .  
4.10.4 Nonoperat ional   Environmental   Tests - Nonoperat ional   environmental  
tes ts  a re  employed under  the  fo l low ing  two genera l  cond i t ions :  
(a)  For those  env i ronments  encountered  dur ing  t ranspor tat ion,  
s torage and s tand-by per iods.  
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(b)  For  equipment  that  operates only  whi le  the vehic le  is  on the 
ground o r  i s  n o t  e x p e c t e d  t o  o p e r a t e  i n  s e r v i c e  (e.g., equip- 
ment i n  t h e  s p a c e c r a f t  command module may not have to operate 
dur ing  ear th  en t ry ,  bu t  i t  cannot f a i l  s t r u c t u r a l l y  d u r i n g  
t h i s  phase or upon landing, and  endanger the ast ronauts) .  
4.10.5 Post-Test  Performance Check - Specimen per formance  character is t ics  
s h a l l  be measured under  ambien t  cond i t ions  a t  the  comple t ion  o f  spec i f ied  
t e s t  sequences.  Should the   nex t   tes t  sequence occu r  w i th in  24 hours  a f te r  
successful  complet ion of  the post- test  performance check, pre-test performance 
checking w i  1 1  not be required. 
4.10.6 Teardown Inspec t i on  - A f t e r  i t s  f i n a l  t e s t ,  and w i th   the   approva l  
o f  t he  con t rac to r ,  each  specimen will undergo  a  teardown  inspection i n  o r d e r  
t o  make a f u l l  a n a l y s i s  o f  t e s t  d e t e r i o r a t i o n .  The f i n a l  t e s t  r e p o r t  s h a l l  
inc lude a  descr ip t ion  0.f t he  f i nd ings  and photographs o f  t h e  d e t e r i o r a t i o n  as 
necessary.  Unless  otherwise  noted, a l l  t e s t  speciments  shal l  be re tu rned   t o  
the contractor  wi th  t h e  f i n a l  t e s t  r e p o r t .  
4.11 Applicable  Procedures  For  Test - The procurement   spec i f i ca t ion   sha l l  
speci fy the required ranges and to lerances a1 lowable under  the test  condi t ions 
p r e s c r i b e d  i n  each  method.  Below a re  1 i s ted  the  genera l  tes t  ca tegor ies  tha t  
s h a l l  be requ i red: 
(a )  LOW Pressure 
(b)  High  Temperature 
(c )  Low Temperature 
(d)  Humidi ty 
(e )   Sa l t  Fog 
( f )  Sand and Dust 
(9)  Explosion 
(h )   Acce le ra t ion  
( i) V i b r a t i o n  
(j) Acoust ical   Noise 
(k )  Shock 
( I  ) LOW Pressure- 
Solar Energy 
(m) E l e c t r i c a l   I n t e r -  
ference Control  
Method 500, MIL-STD-81 
Method 501, MIL-STD-81 
Method 502, MIL-STD-81 
Method 507, MIL-STD-81 
Method 509, MIL-STD-810 
Method 510, MIL-STD-810 
Method 511, MIL-STD-810 
Method 513, MIL-STD-810 
Method 514, MIL-STD-8 
Method 515, MIL-STD-8 
Method 516, MIL-STD-8 
IO 
IO 
IO 
Method 517, MIL-STD-810 
MIL-1-26600 
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5.0 DATA AND DOCUMENTATION REQUIREMENTS 
5.1 General - The quan t i t i es ,   de ta i l ed   con ten ts ,   and   spec i f i c   da tes  
o f  submiss ion  o f  requ i red  documents s h a l l  be spec i f i ed  i n  the  pu rchase  o rde r  
5.2 I n s t a l l a t i o n  and  Maintenance I n s t r u c t i o n s  - The Subcontractor   shal  
s u b m i t   s u b j e c t   i n s t r u c t i o n s  fo r   ev iew  and  approva l  by  the  Contractor.  The 
i n s t r u c t i o n s   s h a l l   i n c l u d e ,  b u t  n o t  t o  t h e  e x c l u s i o n  of o t h e r  i n f o r m a t i o n  
1 
t h a t  may be deemed p e r t i n e n t  l a t e r ,  a l i s t i n g  a n d  c o m p l e t e  d e s c r i p t i o n  o f  a l l  
test   equipment  and o t h e r  t o o l s  r e q u i r e d  t o  assemble, i n s t a l l ,  r e p a i r  and 
main ta in   sub jec t   equ ipment .  The  recommended t e s t   s e t - u p  and  procedures  shal l  
a l s o  be p r o v i d e d  i n  s u f f i c i e n t  d e t a i l  t o  a d e q u a t e l y  c h e c k  out the  equipment. 
Should no t o o l s  o r  i n s t r u m e n t s  be required,  then a s t a t e m e n t  t o  t h a t  e f f e c t  
sha 1 1 s u f f i c e ,  
5.3 Assembly  and  Operat inq  Inst ruct ions - The Subcon t rac to r   sha l l  sub- 
m i t  s u b j e c t   i n s t r u c t i o n s   f o r   r e v i e w  and approval   by  the  Contractor .  The in -  
s t r u c t i o n s  s h a l l  i n c l u d e ,  b u t  n o t  t o  the  e x c l u s i o n  o f  o t h e r  i n f o r m a t i o n  t h a t  
may  be  deemed p e r t i n e n t  l a t e r ,  a c o m p l e t e  d e s c r i p t i o n ,  s u f f i c i e n t l y  i l l u s t r a -  
ted wi th  drawings and the l ike,  which depict  the par t -by-par t  assembly  o f  
subject   equipment.  The o p e r a t i n g   i n s t r u c t i o n s   s h a l l   i n c l u d e   c o m p l e t e   p r o -  
cedures  and a d e t a i l  d e s c r i p t i o n  o f  the f u n c t i o n a l  o p e r a t i o n  o f  .each major 
assembly and/or system of  the equipment .  
5.4 Drawinqs - Drawings  furn ished  by the Con t rac to r   o r   Subcon t rac to r ,  
when a p p l i c a b l e ,  s h a l l  become a p a r t  o f  t h i s  s p e c i f i c a t i o n ,  b u t  o n l y  when 
such  drawings  are  in   accordance wi th the   spec i f i ca t ion   here in .   Drawings   so  
f u r n i s h e d  may be i n  an acceptable commerc ia l  format .  
5.4.1 Wirinq  Diaqrams - The S u b c o n t r a c t o r   s h a l l   a l s o   f u r n i s h   d e t a i l e d  
e l e c t r i c a l  s c h e m a t i c s  o f  a l l  e l e c t r o n i c  and e l e c t r i c a l  equipment,   including 
cab l ing ,  and w i r ing  char ts .  
5.5 P a r t s  L i s t i n q  - The S u b c o n t r a c t o r   s h a l l   f u r n i s h  a complete  par ts  
l i s t ,  i d e n t i f y i n g  e a c h  p a r t  o r  component r e q u i r e d  i n  t h e  c o n s t r u c t i o n  o f  t h e  
e n d - i t e m .   T h i s   i d e n t i f i c a t i o n   s h a l l   i n c l u d e  a pa r t   desc r ip t i on ,   manu fac tu re rs  
p a r t  number, manufacturers name, and  quan t i t y  o f  each  pa r t  requ i red .  
5.6 Reports 
5.6.1 Proqress   Repor t ing  - A l e t t e r  t ype   p rog ress   repo r t   sha l l  be 
mi t ted,  each month g iv ing a complete but concise summary o f  w o r k  accomp 
d u r i n g  the repor t ing  per iod,   p lans  for   ensuing  per iod,   spec ia l   problems 
c o u n t e r e d  a n d  t h e i r  s o l u t i o n  o r  p roposed so lu t ion .  
sub- 
1 ished 
en- 
5.6.2 Q u a l i f i c a t i o n  T e s t  R e p o r t  - Upon c o m p l e t i o n  o f  t h e  q u a l i f i c a t i o n  
t e s t  program,  a t e s t  r e p o r t  s h a l l  be s u b m i t t e d ,   d e l i n e a t i n g   t h e   r e s u l t s   o f  
the t e s t   o p e r a t i o n .  Commercial f o r m a t   s h a l l   s u f f i c e .  
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5.6.2.1 Contents of Report - Reports  shall  include  a  description  of 
the  test  set-up,  the  test  procedure,  a  summary  of  results,  sample calcula-, 
tions, and  supporting  test  data.  Graphic,  tabular  and  photographic  entries 
shall  be  made as required  for  clarity  and  completeness.  In  addition, the 
test  report  shall  contain  sufficient  cutaway  drawings to clearly  define  the 
construction,  materials,  finishes  and  operation  of  the  article.  The  sup- 
porting  test  data  shall  include  a  narrative  history, or log, of the  test, 
which  records  all  incidents of the  test  which  required  revision or repair 
of  the  test  article or test  set-up, or rerun of a  part  of  the  test. 
5.6.1 . I  Certification  of  Report - Test  reports  shall  be  certified  by 
the  signature  of  an  officer o an  authorized  employee  within the Subcontrac- 
tor's company.  When  testing is subcontracted to a  testing  laboratory,  the 
test  reports  shall  be  certified  by  the  signature of an  officer of the 
testing  subcontractor's  company or by an  authorized  employee  of the  testing 
subcontractor's  company. 
5.6.3 Final  Technical  Report - A final  report  shall  be  furnished 
giving  a  complete  summary  of  all work accomplished  under the  contract. A 
preliminary  copy  of  this  document  shall  be  submitted for technical  and  for- 
mat  review  and  concurrence  prior to final  production  and  release of the  re- 
port. 
5.6.4 Subcontractor  Initiated  Desiqn  Chanqes - The  Subcontractor 
shall  notify  the  Contractor  whenever  desiqn  and  development  activities  re- 
sult in any'detail of article  configuration or function  that  differs  from 
the configuration  as  disclosed in  the Contractor  design  specification. Prior 
approval  of  the  Contractor  shall  be  obtained  before  incorporating  any  pros- 
pective  design  change. It shall  be  the  Subcontractor's  responsibility to 
coordinate with the Contractor  whenever in  the course of the design  activi- 
ties  there is any  indication  that  a  particular  design  may be contrary to the 
requirements or intent of this  document. 
5.6.5 Correspondence  Identification - The  Subcontractor  shall  mark 
each  separate  drawing item or design  information,  test  report,or  piece of 
correspondence to show  that  the  material  pertains to a  particular  source 
control  part  number. 
6.0 PREPARATION  FOR D E L I V E R Y  
6.1 General - Preservation,  Packaging,  Hand1  ing  and  Shipping  of 
subject  equipment  shall be  in accordance  with  Section I I of  NPC 200-2. 
6.2 Article  Packaqinq - Individual  containers  shall  be so constructed 
as to a1  low  removal of  parts  for  inspection  purposes  without  damage to the 
container or labels. Materials  and  methods  used in packaging the article 
shall  be  suitable to ensure  protection of the article  from hand1  ing damage 
or storage  deterioration. 
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6.3 In termediate  Packaainq - Where s i z e  o r  o t h e r  c o n s i d e r a t i o n s  r e s u l t  
i n  more than one a r t i c l e  b e i n g  packaged w i t h i n  a sh ipp ing  car ton ,  the i n d i v i d -  
u a l  a r t i c l e s  s h a l l  be i n d i v i d u a l l y  packaged w i t h i n   t h e   s h i p p i n g   c a r t o n .   T h i s  
p r e c a u t i o n  i s  r e q u i r e d  i n  o r d e r  t o  p r o v i d e  s u i t a b l e  p r o t e c t i o n  and i d e n t i f i c a -  
t i o n  d u r i n g  s t o r a g e  and h a n d l i n g  a f t e r  removal of t h e  i n d i v i d u a l  a r t i c l e s  f r o m  
the   ma jor   sh ipp ing   con ta iner .  Any d e v i a t i o n  from the   above  requ i red   ind iv idua l  
packaging  requirement  must i n   a l l  cases be approved  by the C o n t r a c t o r  p r i o r  t o  
shipment. 
~~ 
6.4 S p e c i a l   I n s t r u c t i o n  - Where the S u b c o n t r a c t o r   i s  aware t h a t   c e r t a  
n o n - o b v i o u s  c h a r a c t e r i s t i c s  o f  the s p e c i f i e d  a r t i c l e  w i  1 1  r e q u i r e  s p e c i a l  
handl ing  procedures,  i t  s h a l l  be t h e  r e s p o n s i b i l i t y  o f  t h e  c o n t r a c t o r  t o  
n o t i f y  t h e  C o n t r a c t o r  t o  t h a t  e f f e c t  and t h e r e a f t e r  t o  a f f i x  and  approp r ia t  
removab le  i ns t ruc t i on  tag  to  each  such  p roduc t i on  a r t i c l e  de . l i ve red .  
6.5 Mark ing  - All conta iners   inc lud ing   ind iv idua l   packages  and  ou ter  
c a r t o n s  s h a l l  be marked w i th  t h e  f o l l o w i n g  i n f o r m a t i o n :  
(a )   Subcont rac tor ' s  name 
(b) Name o f   A r t i c l e  
( c )   Q u a n t i t y   i n   c o n t a i n e r  
(d )   Source   con t ro l   pa r t  number 
i n  
e 
9-13 
SECTION 10 
TEST PROGRAM FOR MOMENTUM  WHEEL  ASSEMBLY 
T h i s  a s s e m b l y  s h a l l  c o n s i s t  o f  a f l ywhee l ,  sha f t ,  bea r ings ,  e lec t r i c  
motor,   f requency  converter,   housing,  g imbals,   and  torquers  to  apply moment 
t o  t h e  i n n e r  and ou ter  g imba ls .  
T e s t i n g  p r o c e d u r e s  a r e  l i s t e d  b e l o w :  
1. A c c e l e r a t i o n  t e s t  - t u r n i n g   o n   t h e  power t o  c o n v e r t e r  s t a r t s  t h e  
a c c e l e r a t i o n  phase 
1 . 1  Power input   vs   t ime 
1.2 Speed vs  t ime 
1.3  Temperature  recordings a t  v a r i o u s  p o i n t s  o f  wheel, sha f t ,  
converter,  motor,  bearings,  and  housing.  Determine maximum 
t rans ien t  t empera tu re  g rad ien ts .  
1,4 V i b r a t i o n  s h o u l d  b e  m o n i t o r e d  a t  t h e  b e a r i n g  s u p p o r t s  t o  
determine frequency and magnitude o f  r e s o n a n t  v i b r a t i o n s .  
I f  v i b r a t i o n  is e x c e s s i v e  o r  if resonance i s  d e t e c t e d  a t  
f requenc ies  o the r  than  those  ca l cu la ted ,  t he  mode o f  s h a f t  
m o t i o n  s h o u l d  f u r t h e r  be determined by transducers mounted 
i n  two  pe rpend icu la r  d i rec t i ons  o f  each  mon i to r i ng  p lane .  
1.5 T o t a l   t i m e   t o   r e a c h   f u l l  speed 
2. F u l l  speed  per formance  test  
2.1 Measure  power  input 
2,2 Measure v i b r a t i o n   l e v e l  
2.3 Determine  angular momentum (speed)   va r ia t i ons  due t o  power 
f l u c t u a t i o n s  
2.4 Apply  var iously  scheduled  torquer  input  and  measure  the 
f o l   l o w i n g :  
2.4.1 E r ro r   i n   g imba l   ra tes   f rom computed r e s u l t s  
2.4.2 Time lag   i n   g imba l   response  
2.4,3 Drift i n  gimbal  angles 
2.4.4 I n c r e a s e   i n  power demand 
2.4.5 I n c r e a s e   i n   v i b r a t i o n   l e v e l  o r  appearance o f  new 
mode o f  v i b r a t i o n  
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2.4.6 Speed f l u c t u a t i o n s   a n d   f e a s i b l e   d e g r e e   o f   p r e c i s i o n  
wh ich  can  be  ma in ta ined  by  the  con t ro l  c i r cu i t  
2.4.7 Temperature  increase  in   the  bear ings 
2.4.8 Dynamic s t r e s s e s   i n   t h e   r o t o r   a s   r e c o r d e d   f r o m   s t r a i n  
gage o u t p u t  
2.4.9 S t r u c t u r a l   d e f l e c t i o n s  due t o   a p p l i e d  moments 
2.4.10 S t r u c t u r a l   v i b r a t i o n s ,  i f  any 
2.4.11 T r a n s v e r s e  v i b r a t i o n s  o f  t h e  r o t o r  d i s c ,  i f  any 
2.4.12 Maximum a t ta inab le  g imba l  ang le  (des igned  fo r  k60 degrees) 
2.5 Reduce lub r i can t   supp ly   and   de te rm ine   e f fec t i veness   o f   bea r ing  
f a i l u r e  m o n i t o r i n g  d e v i c e s  
2.6 C y c l e   w i t h  maximum torquer  input  and  determine  endurance limit 
and f a i l u r e  mode 
2.7 Dete rm ine   s teady -s ta te   t empera tu re   d i s t r i bu t i on .  
3.  S t r u c t u r a l   t e s t  
3.1 The hous ing   shou ld   be   sub jec ted   to  2 atmospheres  external  
p r e s s u r e  d i f f e r e n t i a l  t o  d e m o n s t r a t e  s t a b i l i t y .  
3.2 The assembly  should  be  subjected  to   launch  env i ronment   v ibra-  
t i o n  and  "g"  loads.  Subsequent  start-up  must show no s i g n i -  
f i c a n t  dev i a t   i o n   f r o m   p r e - t e s t   p e r f o  rmance. 
3.3 Overspeed t e s t  - The ro to r   shou ld   be   spun  to  a speed  where t h e  
local maximum s t ress  exceeds the  y ie ld  s t rength  by  about  3 
percent.  There  should  be  no  measurable  permanent  set  after 
such a t e s t .   T h i s   t e s t  may be  conducted i n   a n   e v a c u a t e d   w h i r l  
p i t .  
3.4 B u r s t  t e s t  - A r o t o r  s h o u l d  be  spun t o  d e s t r u c t i o n  i n  a w h i r l  
p i t .  I f  b u r s t   d i d   n o t   o c c u r   f o r   a n y  reason,  the  rotor  must 
s t i l l  be r e t i r e d  f r o m  any f u r t h e r  a s s e m b l y  t e s t i n g .  
4. D e c e l e r a t i o n   t e s t  
4.1 Record  speed  vs  t ime  wi th a l l  power  removed f rom  the   conver te r ;  
t h i s   s h o u l d   r e q u i r e   a p p r o x i m a t e l y  32 h o u r s   f o r   t h e  H = 1000 
f t - l b -sec  des ign .  
4.2 D e t e r m i n e   v i b r a t i o n   l e v e l s   d u r i n g   c o a s t  down. 
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SECTION I I 
MAINTENANCE 
One o f  t h e  c o n s t r a i n t s  o f  t h e  o p t i m i z a t i o n  s t u d y  was t o  have r e l i a b i l i t y  
s u f f i c i e n t l y  h i g h  t o  e l i m i n a t e  m a i n t e n a n c e  due to  wearout  and unpred ic tab le  
f a i l u r e s .  Most o f  t h i s  can  be  accompl ished  except   for   the  ro tor   sp in   bear ings 
and   t he   evacua t ion   o f   t he   ro to r   hous ing .   Rou t ine  programmed maintenance, how- 
ever, will n o t  be requi red.   Bear ing  rep lacement  will be a n t i c i p a t e d   b y   d e t e r i -  
orat  ion detect  ion f rom temperature and noise sensors.  Replacement  correct ive 
act ion can be taken before other  problems have a chance t o  develop. 
The d e s i g n  o f  t h e  CMG i s  such t h a t  t h e  r o t o r  b e a r i n g s  a r e  c o n t a i n e d  i n  
a preadjusted  and  s tandard ized  car t r idge.   Bear ings will have  been p r e v i o u s l y  
c a l i b r a t e d  and  matched so t h a t  t h e  k e y e d  i n s e r t i o n  o f  a new c a r t r i d g e  will 
g i v e   b a l a n c e d   o p e r a t i o n   w i t h i n   t h e  l i m i t s  estab l ished.   Access t o  t h e   c a r t r i d g e  
i s  made easy so t h a t  t h e  s k i l l  l e v e l  o f  t h e  crew member i s  low and only  a 
l i m i t e d  number o f   s i m p l e   t o o l s   a r e   r e q u i r e d .  The ax ia l   p re load   on   t he   bea r -  
ings will have been determined beforehand and each bear ing cartr idge will have 
been p r e v i o u s l y  c a l i b r a t e d  and a d j u s t e d  t o  h a v e  t h e  r e q u i r e d  amount. 
I n  o r d e r  t o  p e r f o r m  a c a r t r i d g e  change, the  f lywheel  must  be  stopped. 
T h i s  can  be  accomplished  by  using  the  permanent  magnet  motor  as a generator  
f o r  d y n a m i c  b r a k i n g  a n d  b y  o p e n i n g  t h e  e v a c u a t i o n  f i t t i n g  t o  l e t  i n  a t m o s p h e r e  
to   inc rease  the   w indage  loss .  The h o u s i n g   s h o u l d   b e   b l o w n   c l e a n   o f   t h e   o i l  
t h a t  h a s  s e t t l e d  o n  t h e  members w h i c h   l e a k e d   p a i t   t h e   h o u s i n g   l a b y r i n t h .   A f t e r  
the  car t r idge  has  been changed, t h e  a i r  i.s purged f rom the  assembly  w i th  he l ium 
gas  and a p r e s s u r e  o f  lom3 mm Hg i s  e s t a b l i s h e d .  The e v a c u a t i o n  f i t t i n g  i s  
c l o s e d  a n d  t h e  u n i t  i s  r e a d y  f o r  r e s t a r t  a n d  use. 
It i s  e x p e c t e d  t h a t  t h e  h e r m e t i c  s e a l  of t h e  r o t o r  h o u s i n g  will be  suf -  
f i c i e n t  so t h a t   t h e   d e s i r e d   p r e s s u r e   o f  mm Hg can  be  retained. If, i n  
t h e  f i n a l  d e s i g n  t h i s  i s  n o t  p o s s i b l e ,  t h e  a c t i o n  t o  r e - e v a c u a t e  may be s i g n a l e d  
by  measurement o f   m o t o r  power  loss.  Pressure  increase will cause  increased  wind- 
age loss .  Because o f  1 im i ted   g imba l   ang le ,   the   p lumbing   fo r   the   evacuat ion  
f i t t i n g  can be permanent ly  insta l led and a f i t t i n g  on  the  frame  can  be made 
ava i l a b l e   t o   t h e  vacuum pump. 
It i s  a n t i c i p a t e d  t h a t  o i l  r e p l a c e m e n t  i n  t h e  g r e a s e  will be  required, 
as i t  s lowly   evapora tes   f rom  the   bear ing  chamber i n t o  t h e  f l y w h e e l  h o u s i n g  
space. To p r o v i d e   f o r   t h i s ,  a s p r i n g - l o a d e d   p i s t o n   a n d   o i l   c y l i n d e r   i s  
a t tached t o  the   hous ing  wi th  a smal l   so lenoid-operated  va lve.  A t i m i n g  
dev ice   inc luded  in   the   con t ro l   sys tem  can  supp ly  a f e w  d r o p s  o f  o i l  t o  t h e  
bear ings  every  10 days. 
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SECTION 12 
CONTROL 
A separate s t u d y  of the control methods possible w i t h  the momentum wheel 
used as a control movement gyro i s  covered i n  Report F-8037. 
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